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Over time, the sciences increased their 
knowledge base dramatically. 

After modest beginnings around 600 B.C., 
scientific knowledge and the development 
of ground-breaking methods grew nearly 
exponentially over the past decades, not 
least in the field of biotechnology. 
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Significant discoveries by renowned 
scientists have been honoured not only 
by awarding Nobel Prizes, but also by 
issuing topical postage stamps. 
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The Origin of Species. 
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FoREWORD BY FonMER US EDITOR, ARNOLD Demain’ 


Arnold L. Demain in his office at 
Drew University 


There are no two sciences; 

there is only one science and 

its application, and these two 
activities are linked as the fruit is 
to the tree. 


Louis Pasteur 

We have the unity of biochemistry 
on the one hand, and the diversity 
of microbial life on the other; 

we have to understand and 


appreciate both. 


Arnold L. Demain (1927-2020) 
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It is hard to decide when biotechnology began. 
Some would consider dates such as 3500-7000 
BC, when microbes were first used to preserve 
milk, fruits, and vegetables and to make cheese, 
bread, beer, wine, pickled foods, and vinegar. 


If that was the proper decision, then | have 
been in biotechnology for my entire adult life, 
i.e., from 1949. At that time, | was 22 years 

of age and was starting my master's degree 
research at Michigan State College (now 
University) on the spoilage of pickles. Also, 

| would have to consider my grandfather and 
father as biotechnologists since they were both 
“рїс Це men." 


On the other hand, many consider the above 

as industrial microbiology and assume that 
biotechnology was born in 1972-1973, when 
Paul Berg, Stanley Cohen of Stanford University, 
and Herbert Boyer of the University of California 
at San Francisco discovered recombinant DNA. 
If this latter view is correct, then | started my 
biotechnology career in 1972, when | was asked 
to be a consultant for the first biotechnology 
company, i.e., Cetus Corporation in Berkeley, 
California. Indeed, it was an exciting time 
during which efforts were put forth to 
commercialize the discovery of recombinant 
DNA technology. Within 10 years, companies 
such as Genentech, Biogen, Amgen, Genetics 
Institute, Chiron, and Genzyme were born, and 
these exciting developments resulted in the 
production of recombinant proteins, which 
solved medical problems of huge importance 

to patients throughout the world. They also led 
to the development of a huge and important 
biotechnology industry, which today generates 
an annual product revenue of over 60 billion 
dollars. 


| have enjoyed over 50 years of participation in 
both industrial microbiology and biotechnology, 
in industry (at Merck & Co), and in academia (at 
MIT and recently at Drew University). It always 
excited me to design microbes to do important 
things and then discover the ways, genetic, 
biochemical, and nutritional, to force these 
fantastic microbes to make industrial quantities 
of their valuable products, whether they be 
antibiotics, amino acids, purine nucleotides, 
immunosuppressants, cholesterol-lowering 
agents, toxins, or recombinant proteins. 


| have been fortunate to have mentors, 
colleagues, and students to help me in these 
efforts. | have always felt that the genetic 
aspects that propelled industrial microbiology 
into the new world of biotechnology were both 
fascinating and fantastic. 


Not being a geneticist myself and never even 
having taken a course in genetics, | have been 


in awe of the developments of biotechnology 
for many years. Over this time, | have struggled 
to understand genetic concepts and the new 
aspects introduced by biotechnologists. 


What | needed and never had was a basic 
introductory book on biotechnology. 


Then, it happened: the book "Biotechnologie fur 
Einsteiger" by Reinhard Renneberg was born! 
Unfortunately, my German language skills were 
virtually nonexistent. However, even without the 
ability to read the book, | was fascinated by the 
many photos of famous biotechnologists and 
scientists and the beautiful color illustrations of 
Darja Süfbbier. 


How lucky | am that Prof. Renneberg asked me 
to be the editor of the English edition. After 
translation of the German text into the English 
by translators Renate FitzRoy and Jackie Jones, 
| have thus read, word by word, the entire 10 
chapters of this fantastic effort by Reinhard 
Renneberg. 


| enjoyed every minute of this activity and 
editing the formal English translation into a 
version suitable to both young English and 
American students has truly been a labor of 
love. 


Arnold L. Demain (1927-2020) 
May 26, 2007 
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Dear Master Arny, 


The whole team of Biotechnology for 
Beginners wishes to dedicate this book 

to your 80th BIRTHDAY celebrated іп 

2007. We are honored to know you 
personally and admire your contribution to 
microbiology and biotechnology, as well as 
your kindness and wisdom! 


Reinhard and Merlet, Dascha, Renate, 
Jackie, Christoph, Ute, and Ted 
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(01223) 811610 


Dec 18 2005 


Refessar R. Кеип e berg | 
Hong Kong Univ ersidy of Seene 


Dear efessor Ren eterg . 
Thank uou ver much 
for Sending Me б. copy of 
Your excellent book of 
i Biotechnologie ". 1 am not very 
qood at German bul parkcukacy 
Impressed о the мао, 
lE makes me wsh Y cas 


с SC«dent again. 
Yours Sincere UA 
Sanger Institute Cambridge (top) ed San Ge F. 
and in his basement laboratory 
during the sequencing of insulin. 


DNA Structure! 
Nobel, we are on 


A Letter from Cambridge 


Frederick Sanger was one of the heroes of my childhood. 
| admired his sharp intellect, his perseverance when 
working in his basement lab and analyzing insulin, his 
modesty, and, of course, his achievement of receiving 
two Nobel Prizes. 


As soon as this book was published, І sent him а copy 
by courier on the off chance he would read it, not really 
expecting a reply. 


Four months later, a hand-written letter by the then 
87-year-old arrived. 


If you are a student reading this, be aware that Frederick 
Sanger would have loved to be one of you! 


Frederick Sanger (1918-2013) in his lab After all, the biotech revolution has just begun. Ha, my 2nd Nobel a3 
investigating the insulin structure. | wish you good luck, success, and a happy journey of Prize is walking рё 
He was awarded Nobel price twice in discovery! by...! = E 
1953 (insulin structure) and in 1980 3i 

53 


(DNA sequencing). Reinhard Renneberg 


PREFACE 


Right: The author with a laser gun 
amplifying a heart attack test. 


Viola Berkling, our inspiring impresaria! 


Reinhard Renneberg with Darja Süfibier. 


David Goodsell, Molecular graphics wizard, yoga 
practitioner, and bionanotech visionary. 


Who wants to read a long preface anyway? Let 
us get straight to the point: What made me 
write this book? 


Curiosity and Enthusiasm. Even as a young 
boy, I loved reading everything that explained 
the world to me. Today, as a scientist, | cannot 
think of a more fascinating subject than 
biotechnology. Our future is at stake here! What 
could be more exciting? 


Wanting to know it all. During my forays into 
scientific literature, | realized that “I know nothing 
except the fact of my ignorance,” as Socrates put 
it. Becoming a well-versed Renaissance scholar 
would have been my ideal, but alas, this is not 

an option these days. It is just about possible 

to get an overview of one field of knowledge. 
Beyond that, one has to rely on cooperation with 
scientists who are specialists in neighboring 


fields. In that respect, | was lucky enough to find 
the two Olivers: Oliver Kayser from Berlin (now 
at the Technical University Dortmund) and Oliver 
Ullrich from Hamburg, Germany. Both of them 
cover a vast area of knowledge. They agreed 

to read through the entire book and largely 
contributed to its present shape. Thank you! 
Where the subject matter became more complex, 
| turned to experts in the field and put their— 
often very abridged —views in a nutshell, i.e., in a 
box. You will find the names of these experts on 
page xiii. | am very grateful to them and just hope 
that І did not leave out anybody! 


Laziness. | had been teaching analytical 
biotechnology and chemistry in Hong Kong for 
10 years and found that my Chinese students 
knew next to nothing about beer-brewing, 
enzyme-containing detergents, DNA, oil-eating 
bacteria, *Golden Rice," GloFish, heart attacks, 
orthe human genome project. As a result, my 
seminars tend to include long, time-consuming 
deviations into biotechnology. Pointing the 
students to an 88-title bibliography is of no 
avail. It is just one book they are prepared to 
read. Now | will be able to say, “Just buy my 
book and read it. It covers all you need to know." 


Enjoyment. "Everything you can imagine is real," 
said Pablo Picasso, and turning this new type 

of textbook into reality with the help of Darja 
Süfibier, to me the best biographics artist in 
Germany, was pure joy. She found ingenious and 
sympathetic ways of transforming my ad hoc 
improvisations into brilliant graphics. Any other 
graphics artist would have been driven to despair 
by my chaotic workstyle. Many thanks, Dascha! 


Being able to use David Goodsell's amazing 
graphics of molecules was a dream come true, 
and when I was just getting fed up counting the 
carbon atoms in taxol, Francesco Bernardo from 
Italy stepped in, creating 3D models of essential 
molecules. Oh, what fun! 


A passion for images. Asia has a long tradition 
of pictorial representation. Searching Google 
Images for biotech illustrations, | worked myself 
into a frenzy. At first, the publisher was a bit 
shocked to see the nice white textbook with two- 
color illustrations gradually turn into a riot of 
color. In the end, there was hardly any white left! 


With the images came the problem of sorting 
out copyrights, but most copyright owners were 
very helpful. Ringier publishers, Switzerland, 
transferred all the rights of an earlier book of 
mine, Bio-Horizonte, formerly owned by Urania 
Verlag, Leipzig. 


Others, such as GBF Braunschweig, Roche 
Penzberg, Degussa, Transgen, and Biosafety 
Networks, agreed to let me use dozens of their 
images while testing the capacity of my server 
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by sending 10 MB mails. Larry Wadsworth from Texas 
provided me with a host of photos of cloned animals. 


Anyone | have not mentioned as the author of an 
illustration or have not been able to contact, please come 
forward. Any oversight has been unintentional. 


Readers will also notice that | have been using my own photos 
of cats, birds, frogs, dolphins, food, China, and Japan — 
everything was photographed with a biotech book in mind. 


| hope you do not mind seeing me in some self- 
experiments and not a professional model. 


Communication mania. What could be more wonderful 
than sitting down with a cup of coffee, overlooking the 
South Chinese Sea, and opening my laptop to see what 
mail has arrived overnight? Perhaps news from bigwigs 
and small fry in the biotech world or some new layouts 
from Dascha in Berlin. Some 10,000 emails have been 
going back and forth, and it was like magic. This book is a 
child of the Internet. There 1 was, sitting on a subtropical 
island, pressing a few keys—and lo and behold—a 
beautiful book emerged at the other end of the world. 
Jules Verne would have been impressed. 


Whose idea was it? Merlet Behncke-Braunbeck from 
Spektrum Akademischer Verlag, Germany (now part of 
Springer), made me promise to turn my ideas into a textbook. 
Imme Techentin-Bauer, Bárbel Hácker, and Ute Kreutzer 
were a highly motivated, efficient, and charming editing 
team, perhaps sometimes cursing under their breath when 

I had done it again and completely changed or “enhanced” 
an almost finished chapter. However, they managed to give 
Dascha and me wonderful support. Thank you, ladies! 


How is this book to be used? 


As an introduction for students starting at college or university, 
for teachers, journalists, or any interested layperson. 


As a textbook for students. You can work through the 
chapters systematically and check whether you are able to 
answer the eight questions at the end of each chapter. 


As a eureka experience. Just flip through the book, and | 
hope you will become intrigued and feel inspired to seek 
further information in specialist books or on the Internet. 


As a reference book. This may be a first port of call when 
looking for an answer to some biotech question that is 
bugging you. You can then follow it up on the Internet or in 
specialist textbooks. 


Will it work? Some of my colleagues may turn their noses 
up at this book, which is, admittedly, an experiment, but I 
have no patience with boring books for which trees have 
died in vain. 


About this English edition 


| do not wish to burden you with more words to read, dear 
reader: three forewords, with two of them by eminent 
scientists, are more than enough. I simply wish to use 

this short space to thank my amazing team: without the 
incredible, cheerful Merlet Behncke-Braunbeck as our 
Good Spirit (Guter Geist in German), this project would not 
exist, or it would have failed at least six times. 


xxviii 


While sitting in Hong Kong in my subtropical garden with 
two cats blocking the computer screen and eight lovebirds 
making background music, | had the easiest task in the 
world, the FUN PART: to provide enough material for a 
24-h workday in Heidelberg, perhaps the most romantic 
German city, with help from the following people: 


* The "Queen of Bio-graphics," Darja Süssbier, in Berlin, 
and Martina Daub, who did the graphics in the epilogue. 


e The wise Great Old Man of Biotech and my thorough 
and meticulous editor of the first and second English 
editions, Arny Demain, at Drew University in New 
Jersey. We were very saddened when we heard that he 
died of Covid-19 in April 2020. Thankfully, my friend 
Georges Halpern, a Renaissance man with a huge 
range of expertise in the biomedical field, stepped in 
as the eagle-eyed editor of the third edition. 


* Theingenious translators Renate FitzRoy (almost a 
coauthor) and Jackie Jones. 


* The Masters of Molecules, David Goodsell in La Jolla 
(California) and Francesco Bennardo in Cosenza (Italy). 


* The25 new contributors to this book, mainly from 
the United States, the United Kingdom, Japan, 
Switzerland, and India. 


e Vanya Loroch, CEO of Novochizol SA, who taught 
sustainable business practices at Business School 
Lausanne while also working as an independent 
educator in biology and biotechnology serving all 
nonbiologists working in the life science industries. 
Vanya is a genius genetics teacher at heart. He joined 
the team for the second edition and contributed new 
sections on cancer for the third edition. 


* Liz Brown and Pat Gonzalez, our editors 
and project managers at Elsevier, whose help was 
often needed and graciously given. 


It would have been 100% less trouble if | had simply stuck 
to the German original. Because biotech is changing by 
the day and because the needs of students in the English- 
speaking world differ from those in Germany, | decided to 
rewrite whole parts of the book. | *de-Germanized" it at 
the same time as | globalized the text and extended the 
book by adding more than a dozen new Expert Boxes. 


The result: This is a completely new book! My hope is that 
you, the reader, will not only find this book useful but also 
get hooked... 


Translator Renate FitzRoy 
enjoying the nice weather. 


Vanya Loroch, new to the 
team! 


Ming Fai Chow, cartoonist 
from the South China 
Morning Post, with his son 
King King, a talent! 


Merlet Behncke-Braunbeck, 
who cared for our project at 
Springer. 


Production Project 
Manager Punithavathy 
Govindaradjane. 


Additions in February 2022 


Here we are again, 6 years after the second edition and after surviving a pandemic 
outbreak. Again, we have updated the book. 


My thanks go first of all to the translator Renate FitzRoy, who also contributed her own 
new texts. 


Sadly, our good old friend Arnold Demain passed away. 


Professor Georges Halpern, based in California, stepped in to save and to edit the new 
US edition with his sharp eyes, enthusiasm, and humor. 


Elizabeth Brown and Patricia Gonzalez are now the helpful charming ladies in charge 
from Elsevier NY. 


Martina Daub created new graphics in a new style for the new Epilogue chapter about 
CRISPR. Our good friend Darja Süfbbier is still involved, but more in an advisory role to 
support the younger generation. 


Гат now retired after 20 years in Hong Kong. Back in the old city of Merseburg, the 
town I grew up in. In case you want to communicate —| changed my email address to 
chrennebG gmail.com. 


Dear reader! Looking forward to hearing from you. Enjoy reading this book! 


Reinhard Renneberg 
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THERE IS NOTHING SO POWERFUL 


AS AN IDEA WHOSE TIME HAS COME. 
Victor Hugo 


IN THE FIELD OF OBSERVATION, 


CHANCE FAVORS ONLY THE PREPARED MIND. 
Louis Pasteur 


| PREDICT THAT THE DOMESTICATION OF BIOTECHNOLOGY 
WILL DOMINATE OUR LIVES 
DURING THE NEXT 50 YEARS 
AT LEAST AS MUCH AS 
THE DOMESTICATION OF COMPUTERS 
HAS DOMINATED OUR LIVES 


DURING THE PAST 50 YEARS. 
Freeman Dyson 


TO MY TEACHER AND FRIEND, 
FRIEDER W. SCHELLER ON HIS 80TH BIRTHDAY 


Some OPENING THOUGHTS BY ERNST PETER FISCHER: 


ENCHANTING THE WORLD 


About the necessity to correct an old fallacy 


In technical terms, modern physics can do a 

lot with light—it can diffract it, refract it and 
bundle it, focus it and polarize it, use a laser ray, 
and a few more things— and with all that, it is 
always possible to make accurate and detailed 
predictions about what is going to happen. A 
physicist is always in a position to find out what 


light is doing, how it behaves, and how it appears. 


But, that is where it ends for the physicist 

and us. Physics, with all its achievements, is 
unable to tell us what light is. After all, at the 
latest since the days of Albert Einstein — more 
than a hundred years ago —we have known 
that the nature of light is dual—it appears as a 
particle—a photon—as well as a wave. 


However, if something that humans have 
discovered in the world possesses a wavelength 
as well as a specific location, if something real 
thus combines two contradictory properties of 
wave and particle —then a physicist carrying 
out measurements, forcing the light to adopt 
precisely and only one of its fundamental 
qualities, cannot help us humans to understand 
what light "really" is. 


We simply do not know— and are even less 
able to tell—how it is possible that something 
real can exist as a wave and be perceived as 

a particle at the same time. In other words, 
light remains mysterious for us humans, 

and | suggest that we accept this insight as 
something positive ("That's a good thing!") and 
appeal to our sense of the mysterious so that 
we can discover what true science in the sense 
of Einstein really means. 


Einstein, in 1905, at this critical philosophical 
point, managed to define what should be 
recognized — and welcomed — as the nature of 
science—its ability to transform the mystery 
of existing nature —such as light— into an 
explanation that was even more mysterious, 
if not elusive. It is time to bid farewell to the 
idea that science can provide easily applicable 
solutions, which would lead to boredom 

once no more questions are being raised and 
everything seems to be clear. 


It seems that science does the exact opposite, 
fascinating those in the know with ever-new 
mysteries. It enchants the world by explaining 
it and, with this insight, it will hopefully be 
possible to eradicate the widespread fallacy of 
disenchantment through science. 


The supposed disenchantment of the world 


The disenchantment of the world is an expression 
that was publicly introduced and popularized by 
Max Weber (1864-1920), the revered sociologist, 
who first used the concept in his legendary 
lecture *Wissenschaft als Beruf" (science as a 
profession) that appeared in print in 1919 and is 
still available in many editions. 


In his lecture, Weber first talks about an inner 
vocation to work in science, and he includes 
the practical side when he emphasizes: “For 
nothing is worthy of man as man unless he can 
pursue it with passionate devotion." 


Overall, the fact that there is science as 

a vocation in our society results in an 
intellectualized rationalization, as Weber 
describes, but surprisingly in his view, that does 
not mean that we “have a greater knowledge of 
the conditions of life under which we exist." 


To demonstrate this, Weber contrasts his fellow 
citizens to Native Americans and Hottentots, 
whom he calls savages — embarrassingly non-PC 
these days, but acceptable in his time. These 
savages, argues Weber, know more about their 
tools than his civilized, but hopefully curious 
admirers in the lecture theater know about the 
streetcar that brought them there to listen to his 
learned explanations. They certainly have — just 
like himself— “по idea how the car happened to 
get into motion," —but that does not matter, as 
the sociologist assures his public. 


After all, the listeners in the theater and we all 
who live in a civilized society possess something 
else, the “belief that if one but wished one 

could learn it at any time" how a streetcar is 

set into motion. We, the domesticated and 
civilized individuals think, in contrast to the 
original savage, "principally that there are no 
mysterious incalculable forces that come into 
play, but rather that one can, in principle, master 
all things by calculation." This seemed to be 
self-evident for Weber, who then introduced 

his momentous and often mindlessly repeated 
concept of the “disenchantment of the world." 


Weber’s dual fallacy 


As Rémi Brague, who teaches Arabic philosophy 
and religion in Paris and Munich, demonstrates 
in his book The Wisdom of the World, the 

idea of the disenchantment of the world has 
been around for a long time and can also be 
understood in a different way, for example, as 


the neutralization of the cosmos—but we will 
not pursue that idea here. 


As for now, the famous sociologist Weber has 
the word, although his opinion is completely off 
the mark and will be criticized in the following. 
For as good as it may sound to the ears of a 
largely scientifically minded audience and as 
alluring as the argument may be—there is 
something fundamentally wrong with the idea 
of a disenchantment of the world, as can be 
easily demonstrated. 


What immediately strikes us as incongruous is 
that in Weber’s argumentation, “mysterious” 
and “incalculable/unpredictable” mean the 
same thing. 


What can be calculated by a physicist, for 
instance, no longer remains mysterious and 
what is mysterious in science is incalculable for 
research. 


This, however, is certainly not the case, as 

the example of light given above shows, and 
thus Weber falls victim to the first fallacy that 
we have explained, using Einstein’s photons, 
and that we will encounter in many other 
phenomena such as electromagnetism — 
which are all indeed calculable with the highest 
accuracy without giving away their true mystery. 


Closely related to this first fallacy and a more 
fundamental error in reasoning lies in Weber's 
expressed belief that the man or woman in the 
street or in the lecture theater could find out at 
any time why an electric streetcar starts moving 
or why it slows down, to stick with the simple 
example from the early 20th century. Today, one 
would use a more sophisticated example, such 
as the cellphone. 


“Learn it at any time," means that somewhere 
there must be an expert in the realms of science 
oratext in a library that can explain or can be 
read so that we can understand what exactly is 
happening in nature or technology. We would 
understand how electricity is converted into 
motion or how genetic information produces 

a phenotype. This is simply not the case even 

if many teachers and sociologists as well as 
inexorably smiling TV presenters would have us 
believe it. 


Just as Einstein did not know what light is, 

Croat inventor Nikola Tesla (1856-1943), who 
invented electromotive power transmission, did 
not know what he was dealing with. *Day by day 
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contribution to the enchantment of the world 
that is accessible to us. 


1 asked myself," as he wrote in 1940, looking 
back on his early years, "what electricity is 
without finding an answer. Eighty years have 
passed, and I still ask the same question 
without being able to give an answer." 


Science shows humans how many mysteries 
are found in reality and thus, the endeavor of 
researchers makes everything around us so 
much more beautiful and worthwhile. Science 
enchants the world by explaining it and we 
should be happy about it. It does it for us. 


As far as biology is concerned, just looking at a 
modern textbook of molecular biology makes 

it obvious that geneticists may know all sorts 

of details about cells and can initiate all sorts 

of processes, but they will not be able to count 
how many genes there are in a cell because they 
are unable to tell what exactly a gene is— not to 
mention the old chestnut: “What is life?" 


Now, if somebody like Einstein does not know 
what light is and somebody like Tesla does not 
know what electricity is— but he knows that 
without this force neither we nor the Earth 
would exist— if no molecular biologist knows 
what a gene is, then all Max Weber's questions 
are of little use. 


Therefore, the world has certainly not been 
disenchanted, as anybody could see who 
takes science seriously enough and trusts it 
to approach its topics under such premises. 
On the contrary, we may safely say that 

the scientific approach makes a special 
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What could be more interesting for scientists 
than the history of the trials and tribulations 

of its subject—the history of science? This is 
Ernst Peter Fischer' s subject, which he taught 
at the Universities of Constance and Heidelberg. 
Fischer is a committed science writer who writes 
with style and panache. 


His book Die andere Bildung (the other 
education), which he wrote in reply to a 
bestseller written by Hamburg literature 
professor Dietrich Schwanitz, resonated with a 
large audience. In contrast to Schwanitz, who 
gives sciences a marginal role in what people 
ought to know, he reinstates the importance of 
science. 


A PERSONAL FOREWORD BY ТОМ RAPOPORT 


Soologe & Йй 
Troj. Dr. Ernst Haeckel 1834-101 


Top: Ernst Haeckel in a mural in 
Merseburg. Bottom: One of Haeckel’ s 
beautiful nature drawings. 


Merseburg Palace is an impressive late 
renaissance building. It was built between 
1245 and 1265. The palace stands right 
next to one of three Saxon cathedrals. 
Merseburg cathedral is 1,000 years old. 


Ilse Renneberg as a young teacher. 


Protein 


Membrane 
= 


Professor Tom Rapoport 
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Reinhard Renneberg and Tom Rapoport in Hong Kong. 


| admit that | don't like reading textbooks, and | know 
that many students share my reluctance: it requires 
frustrating diligence to plow through several hundred 
pages of accumulated dry knowledge. Modern 
textbooks try their best with their ever-increasing 
number of colorful illustrations, but that still won't 
turn them into thrillers. 


Thus, when Reinhard Renneberg told me 

that he had written a textbook about biotechnology, 
| was skeptical. And when he even asked me to 
write a foreword for it, my first reaction was to 

turn him down: it’s going to be boring, about a 
subject | have no clue about, and, most important 
of all, | am busy. But then I did it anyway, and the 
bottom line is: this book is different! Sure, it's still a 
textbook and conveys knowledge, but it's really fun 
to read. 


Reinhard Renneberg and his illustrator Darja Süfibier 
have packed the facts into excellent illustrations, 
interesting historical discourses, funny cartoons, and 
concise texts. An entertaining textbook—this must 
be the first of its kind! 


| would call it “biotechnology in a nutshell,” 
addressed to everyone who is curious about the 
latest developments as well as historic foundations. 
You really don’t need any particular background for 
the book—something like a high-school diploma 

is sufficient. | am sure you will have the same 
experience — being amazed about the wonders of 
biology and biotechnology. It’s clear that Reinhard 
is addicted to the subject, and his enthusiasm is 
contagious. 


Let me tell you about the author. Reinhard grew up in 
the German Democratic Republic, known to people 
in the West as “East Germany.” His young parents 
became schoolteachers after World War 11, thrown 
into the job without much training, simply because 
there was a teacher shortage due to the ongoing 
denazification procedures. Like many others, his 
parents embraced the fresh start with enthusiasm 
and determination. This upbringing explains 
Reinhard’s dedication to teaching. 


Reinhard had an early love for science books. He told 
me that his first hero was Ernst Haeckel, probably 
because they both attended the same school in 


his hometown Merseburg. He imitated Haeckel by 
establishing a herbarium at home and by becoming 
a keen bird and insect spotter. Later, his interest 
switched to DNA when a friend gave him The Double 
Helix by James Watson, a book that was not available 
in the country. He only had it for one night; then, he 
had to pass it on to the next person in line. The next 
day, he made his own DNA model out of colorful 
plastic balls used in baby strollers. 


After finishing high school, Reinhard wanted to 
leave the country for the big wide world. Well, only 
half the world was accessible to East Germans, 
and his first choice was China. However, in 1975, 
relations with China were at a low point, and China 
was undergoing its “Great Cultural Revolution” 
anyway. So, he went to the Soviet Union instead. 
What attracted him was the big heart of the 
Russians, their hunger for books and art, and their 
talent for improvisation. He studied at the Institute 
for Bioorganic Chemistry in Moscow, a place that 
was then a top address. 


After his return to East Germany, he joined the 
Central Institute for Molecular Biology in Berlin- 
Buch, and this is where | met him. He was in Frieder 
Scheller’s group, working on the development of a 
biosensor for glucose, a device needed by patients 
with diabetes for the control of their blood sugar; 
and, although the United States, Great Britain, and 
Japan got there first, their success was remarkable, 
given the lack of biochemicals, instruments, copying 
machines, and many other things that we now take 
for granted. Improvisation and a lot of enthusiasm 
made up for it! 


Grandfather Alfred Schmidt, Divinity student and PhD in 
biology at Heidelberg and Halle universities and RR’ s role 
model. 


Soon after the unification of Germany, Reinhard 
took a position at the Hong Kong University of 
Science and Technology. His former boss, Prof. 
Nai-Teng Yu, met him in 1994 in East Berlin 

and enthusiastically told his Department: Hire 
Renneberg immediately; the combination 

of the high motivation of an East German 

with the modern technology in Hong Kong is 
unbeatable! So finally, Reinhard's dream of 
going to China became true. 


Renneberg directed for 25 years in Hongkong a 
pretty large research group that worked on the 
development of rapid biotests for heart attacks 
and viral infections. He educated a total of 25,000 
students in Analytical Biotech and Chemistry, and 
run a biotech company in China with his British 
friend Dr. George Cautherley. 


For relaxation from the (positive!) stress, he had 
two cats and a rabbit, one Indian Myna starling 
(who spoke better Chinese than RR), 12 love 

bird parrots and had a small subtropical garden 
(with butterflies and snakes) that overlooked the 
beautiful Clear Water Bay. Apparently, he has a lot 
of spare time because he writes a regular column, 
the “Biolumne,” for a major newspaper, draws 
cartoons, and always has a new book project. 


This book does not come as a surprise to me. 
It's actually Reinhard's fourth book. He started 
out in East Germany with two biotechnology 
books for general readers and children, and 
this is where he developed his gift for clear and 
entertaining writing. 


For me, the most important task of a teacher 
is to convey to the students our passion 

for science. Nature has so many wonders 
and puzzles, and it's a privilege that we can 
contribute to solving them. 


Reinhard's book certainly conveys the 
enthusiasm for science and the belief that it can 
do a little bit to improve the world. | wish the 
book all the success it deserves. 


Tom Rapoport 
Boston, June 1, 2007 


Tom Rapoport was born 1947 in Cincinnati (USA) 

but grew up in East Berlin. He studied chemistry 

and biochemistry at the Humboldt University. After 
obtaining his PhD, he joined the Central Institute 

for Molecular Biology of the Academy of Sciences 

of the GDR in Berlin-Buch. In 1985, he became 
Professor for Cell Biology, and after the unification of 
Germany, group leader at the Max Delbrueck Center 
for Molecular Medicine. In 1995, he accepted an 

offer from Harvard Medical School in Boston. Since 
1997, he is also Investigator of the Howard Hughes 
Medical Institute. Tom Rapoport is a member of the 
National Academy of Sciences of the United States, 
of the American Academy of Arts and Sciences, and 
of the Leopoldina Academy, and was awarded several 
prestigious awards and prizes. 
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The book by James Watson that inspired Reinhard to 
build his own double helix. 


Reinhard' s research group at Hong Kong University of 
Science and Technology. 


Lomonossov University in Moscow, 
where Reinhard studied Chemistry. 


RR’ s home since 1995 — The Hong Kong University of Science and Technology (HKUST). 
Now Asia' s No. 1 University by international ranking. 
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WHAT WOULD YOU LIKE TO DO BETTER 

IF YOU COULD START ALL OVER AGAIN? 

THAT'S EASY TO ANSWER. 

I WOULD TAKE TEACHING 

AT LEAST AS SERIOUSLY AS RESEARCH. 
TEACHING IN MY VIEW 

IS NOT JUST THE PRESENTATION OF FACTS, 

BUT PASSING ON MY EXPERIENCE AS A SCIENTIST 
AND MY PERSONAL VIEWS ABOUT SCIENCE, 
THEWORLD AND US HUMANS. 


THE WEAPON OF SCIENCE 

IS ITS APPETITE FOR KNOWLEDGE, 

BUT IT IS A BLUNT WEAPON 

IF USED WITHOUT A SHARP INTELLECT, 

AND EVEN THE SHARPEST INTELLECT 

LACKS VIGOR WITHOUT PASSION AND COURAGE. 
THESE, IN TURN, ARE SHORT-LIVED 

IF NOT SUSTAINED BY THE POWER OF PATIENCE. 


Gottfried Schatz (1936-2015, Professor for 
Biochemistry, Basel) 
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Unbeatable 


Nutritious 


Fig. 1.2 Boeotian women from ancient 
Greece baking bread 6,000 years ago. 
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Fig. 1.3 Yeast, as drawn by 
Leeuwenhoek (above) and seen 
under a modern-day scanning 
electron microscope, clearly 
showing the budding daughter 
cells. 


Fig. 1.4 Medieval beer 
brewing. 


advantages: | 


and safe / | 


Renting 1 


E 1.1 In the Beginning, There 
Was Beer and Wine — Nurturing 
Civilization 


The first beer we know of was brewed by 
the Sumerians who lived in Mesopotamia 
between the rivers Euphrates and Tigris 
(modern-day Iraq), in 8,000-6,000 BC. 
They produced a nutritious, nonperishable, 
and intoxicating beverage by soaking barley 
or Emmer wheat (an ancient wheat cultivar 
grown in the region) in water and letting it 
germinate. The process of husking wheat 
around 3,000 BC is shown on a Sumerian 
clay tablet, known as Monument bleu, in 
the Louvre museum in Paris. The germinated 
grain was then kneaded into beer bread, 
which was only lightly baked and then crum- 
bled and stirred into water. The mixture was 
later poured through a wicker sieve and kept 
in sealed clay vessels. Soon, gas bubbles began 
to rise as fermentation set in. 


Fermentation is an anaerobic process in 
which the sweet juices are transformed into 
an alcoholic drink—in this case, beer. 


Part of the germinated grain was dried in the 
sun—a process equivalent to modern kiln 
drying—to preserve it for periods when fresh 
grain was in short supply. The beer brewed 
later by the Babylonians in the same region 
had a slightly sour taste, due to lactic acid 
fermentation taking place simultaneously. 
Lactic acid fermentation helped greatly to pro- 
long the storage life of beer, as many microbes 
cannot survive in an acidic environment. This 
was immensely important in the hot climate 
of the Middle East where hygienically safe 
beverages were at a premium. 


Alcohol is fermented sugar, a final metab- 
olite of yeast. Even an alcohol content of 
2-3% affects the permeability of the cytoplas- 
mic membrane in bacteria and inhibits their 
growth. In the hot climate of the Middle East, 
slowing down the growth of microbes 
through fermentation is a definite—perhaps 
even decisive—advantage. The development 
of agriculture brought about a dramatic rise in 
population, and with it a dearth of clean drink- 
ing water. It is a problem that the Western 
World had also been struggling with right to 
the end of the 19th century, and which many 
other parts ofthe world are still facing. Think of 
the familiar images of the river Ganges where 
animal and human carcasses and feces pollute 


the drinking water. Contaminated water can 
be highly dangerous, whereas fermented prod- 
ucts such as beer, wine, or vinegar are vir- 
tually germ-free. They could even be used 
to make slightly contaminated water safe, as 
not only alcohol, but also organic acids in the 
fermented products inhibit the growth of po- 
tential pathogens. 


The thirst of our ancestors was quenched 
by beer, wine, or vinegar rather than water. 
The oldest biotechnology in the world 
provided safe and stimulating drinks that 
nurtured civilization. Such revolutionary 
technology was bound to succeed. 


Not only the people of Mesopotamia, but also 
the ancient Egyptians were beer brewers. A 
mural dating from around 2,400 BC shows 
the production process. 


The Egyptians were already aware that using 
the sediment from a successful batch would 
speed up the new fermentation process. Their 
beers tended to be dark, as they used roasted 
beer bread, and they reached an alcohol con- 
tent of 12-15% (Figs. 1.1 and 1.2). Bottled 
beer was also an Egyptian invention. When 
the pyramids were built, beer in clay bottles 
Was delivered to the building site. 


While the Celtic and Germanic tribes were 
happy with mead, a sour-tasting beer stored 
in vessels in the ground holding up to 500L 
(132 US gallons) at a temperature of around 
10°C (50°F), the art of beer brewing reached 
another heyday when it was developed by 
monks in the 6th century AD. Their moti- 
vation lay in their fasting rules—/iquida non 
fragunt ieunum (liquids do not break the 
fast)—was the motto that led them to brew 
strong beers with a high alcohol content. 


The word “beer” itself is supposed to be de- 
rived from the ancient Saxon word “bere.” 
meaning barley. Being able to brew good beer 
is one thing—knowing how it happens is quite 
another. 


The first person to spot the yellow yeast 
blobs in a beer sample (Fig. 1.3) through his 
single-lens microscope was Antonie van 
Leeuwenhoek (1632-1723, Box 1.1), who 
had also been the first person to see bacteria 
(Вох 1.2). 


In those days, yeast was available in concen- 
trated and purified form and used for baking, 
brewing, and winemaking (Fig. 1.4). 


Box 1.1 Biotech History: 
Leeuwenhoek 


Antonie van Leeuwenhoek working with his 
single-lens microscope, capable of 200 x 
magnification. 


"What we saw was vigorous and rapid 
movement, similar to that of a pike through 
water. The creatures were low in number. A 
second species, looking like Fig. B, frequently 
spun round themselves like spinning tops 
and finally began to move as shown in Figs. 
C and D. These were more common. A 

third species did not seem to have a defined 
shape—they seemed to be oval-shaped, but 
then again, they looked like circles. They 
were so small—no larger than what you see 
in Fig. E—while moving amongst themselves 
like a swarm of flies or midges. 


They were so numerous that I thought 
there were several thousands of them in the 
water (or in water mixed with spittle). The 
sample—which I had scraped out between 
my canines and molar—was no larger 

than a grain of sand. It mainly consisted of 
slimy masses of different lengths, but the 
same thickness. Some were curved, others 
straight, as in Fig. Б in no particular order." 


Source: Paul de Kruif, Microbe Hunters (1930). 


This description of a view of the deposit 

on his teeth under the microscope opened 

a whole new world to humankind. 
Leeuwenhoek (1632-1723) was a 
merchant and self-taught scientist. He was the 
first person to see bacteria and draw them. It 
all began when he watched a spectacle maker 
grind lenses at a fair and learned how to do it 
himself. It became an obsession, and he began 
to make ever stronger glass lenses, building 
microscopes with up to 200 x magnification. 
He could spend hours watching a hair from a 
sheep that looked like a strong rope under his 
single-lens microscope. 


One day, Leeuwenhoek hit on the idea of 
looking at a drop of water from his rain barrel 
and had the most terrible shock when he saw 
it under the microscope. It was teaming with 
tiny creatures, swimming about as if playing 
with each other. Leeuwenhoek estimated 
their size was a thousandth of the eye of a 


Leeuwenhoek' s first drawings of bacteria. The 
British science writer Brian F. Ford tried out one 
of Leeuwenhoek' s microscopes and discovered 
that he was able to see spirilli. 


Encouraged by a friend, Leeuwenhoek wrote an 
enthusiastic letter in Dutch to what was then 
the most prestigious organization of scientists, 
the Royal Society of London, in 1673.The 
learned gentlemen were most surprised to read 
a description of “miserable wee beasties,” as 
Leeuwenhoek chose to call them in his letter. 


Leeuwenhoek’ s microscope. He built around 
500 single-lens microscopes. 


Robert Hooke (1635-1703) was a member 
of the Royal Society at the time and was in 
charge of organizing new experiments for 
every meeting of the society. When looking 

at slices of cork through his own multilens 
microscope, he discovered a regular pattern of 
small holes which he named “cells.” Hooke 
also built a microscope to Leeuwenhoek’s 
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Specifications and was able to confirm the 
Dutchman's observations. Little did he know 
that the “wee beasties” also consisted of cells, 
in most cases just one single cell. 


The scientists of the Royal Society saw with 
their own eyes that microscopic creatures 
existed and became very excited about them. 
Leeuwenhoek, who had never attended a 
university, was unanimously voted in as a 
member of the Royal Society in 1680. 


Robert Hooke’ s multilens microscope under 
which he examined thin sections of cork, which he 
described in terms of “cells.” 


Through his dexterity, curiosity, and persistence, 
he had achieved more than many of his academic 
contemporaries who, when asked about the 
number of teeth a donkey had in its mouth, 
would much rather look it up in Aristotle’s 
writings than look into a donkey’s mouth. 


Kings, princes, and scientists of all countries 
were interested in Leeuwenhoek’s discoveries. 
The Queen of England and King Frederic I 

of Prussia, as well as the Russian Czar Peter 
the Great (who had come to the Netherlands 
incognito to study the art of shipbuilding), all 
came and paid him a visit. 


The “beasties” were a fascinating novelty for 
a while, but then were forgotten again. 
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Box 1.2 Essential Biomolecules and Structures 


Hydrogen (H) 


Nitrogen (N) Oxygen (0) 


H-Bridges 


Adenine Thymine 


Cofactor adenosine triphosphate (ATP) is the universal energy storage medium, 
consisting of an adenine residue, a ribose, and three phosphate groups. Hydrolysis 
leads to the formation of ADP and phosphate and the release of energy. 


Phospholipid 


Lipids (fats) are insoluble in water, but dissolve well in organic 
solvents. This applies to membrane lipids (phospholipids, 
glycolipids, and cholesterol) and storage lipids (fats and oils). 
Shown here is a phospholipid consisting of a hydrophilic “head” 
(glycerol and phosphate) and hydrophobic “tails” (fatty acids). 


Phosphorus (P) 


Hydrogen (Н), oxygen (О), carbon (C), and 


nitrogen (М) make up 96% of the human body 
mass. Alongside helium and neon, they are the 
most common elements in the universe. Sulfur 
(S) — important for the structure of proteins —and 


Carbon (C) 


phosphorus (P) — important for energy conversion 
and signal control —occur in far smaller 
proportions. 


Sulfur (S) 


Nucleotides are the building blocks 
of nucleic acids (DNA and RNA), the 
information carriers within cells. 
They consist of a monosaccharide 
(deoxyribose or ribose), a base 
(adenine (A), guanine (G), cytosine 
(О), and thymine (Т); in RNA, uracil (U) 
replaces thymine) and a phosphate 
residue. A and T (shown here) form 
two H bridges while G and C 

form three. 


Dextrose 
(B-p-Glucose) 


Carbohydrates (sugars) provide energy (glucose, 
starch, and glycogen) and structural compounds 
(cellulose and chitin). They are composed of 
ketones (with —C- О group) and aldehydes (with 
HC =O) with two or more hydroxyl groups (-OH). 
The monosaccharide p-»-glucose (dextrose) is 
shown here. 


ATP 


Amino Acid 
(L-cysteine) 


€ 


Twenty different amino acids are linearly linked to form a polypeptide. 
They have a central С atom around which an amino group (-NH.), a carboxyl 
group (-COOH), an H atom, and a variable side chain (-R) are arranged. 


How to visualize a molecule 


The models that come closest to reality are calotte 
models that recreate the dimensions and spatial 
arrangement of the atoms, their van der Waals radii 
demarcating the "territory" they occupy. 


Ball-and-stick models, by contrast, represent 
atoms as balls of equal size that are interconnected 
with sticks. 


Structural formulae take a minimalist approach, оо 
representing bonds as one or several lines between 


the element symbols. R (residue) often stands for a О 
large proportion of a molecule that was not included H H 
for the sake of simplicity. 


1 Glucose 


Starch is a polysaccharide consisting of thousands of В-р- 
glucose units linked together via glycosidic linkages. 


RNA polymerase Nucleotides i 


Amino acids : 


DNA, the double helix. The illustration shows how RNA polymerase 
unwinds DNA to form mRNA as well as some transcription proteins 
and DNA polymerase (more detail in Chapter 6). 


ilons 
Odor molecules 9 o: 


i Membrane 


Olfactory 


receptor 
r e °, cAMP- 
G-protein Adenylate : =. regulated 
cyclase  iCofactors , я ton Channel 
Receptor ° o 


Membrane receptors transduce signals from the extracellular to the intracellular 
space. Shown here is a cascade of smell receptors. Coupled with G proteins 

and adenylate cyclase, they are responsible for the opening and closing of ion 
channels. In addition, there is a vast number of intracellular receptors (more 
detail in Chapter 5). 
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Enzymes are biocatalytic proteins. Shown here is 
glucose oxidase (GOD), which is a dimer molecule 
consisting of 2 x 256 amino-acid components. FAD 
(flavin adenine dinucleotide) acts as a prosthetic 
group in the active center (more detail in Chapter 3). 


Amino acids : 


Antigen 


Amino acids : Antibody 


Antibodies are proteins with a crucial role in the 
immune system. Shown here is the Y-shaped 
immunoglobulin G, which consists of two light (220 
amino acids each) and two heavy chains (440 amino 
acids each) resembling two arms plus fingertips and a 
foot. The arms and fingertips are the antigen-binding 
sites (paratopes) (more detail in Chapter 4). 


Prokaryotic 


Eukaryotic Cell 
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Box 1.3 The Protein Database Molecular Machinery — Interactive Website 


Extracellular 
шш 


Biomolecules interactive 
http://mm.rcsb.org/ Small 


dh ш 
© Protein Data Bank & 

2017 vas . 

се PDE Energy production 
жеш, DATA BANK Storage 

0 PDB-101 


Photosynthesis 
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Structure and 


Function 
ч” 


F Small Molecules 

| Digestive enzymes 

B Blood plasma 

H Viruses and Antibodies 


il Hormones 


Channels, Pumps 
and Receptors 


i Photosynthesis 
| Energy production 
Й Storage 

ЇЇ Enzymes 

a Infrastructure 

В Protein synthesis 


Е DNA 


ges 
Channels, Pumps 
and Receptors 


Intracellular/Nucleus 


Viruses and 
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Box 1.4 Modern Beer Brewing 


Beer brewing is most straightforward in 
Germany because it must comply with the 
purity requirements established in Bavaria 
in 1516 (see p. 31), i.e., it must not contain 
anything other than barley malt, hops, and 
water, and it must be prepared with yeast. 


The starch contained in grain cannot 

be fermented straightaway but must 

first be broken down by enzymes 
(amylases). These develop while the grain 
is left to germinate. In a process known as 
saccharification, they break down starch into 
maltose and glucose. Malting is the first step 
in beer brewing, followed by the preparation 
of wort and fermentation. 


In the malting house, barley is sorted and 
cleaned and left to soak in water for up to 

2 days. The grain is then transferred to large 
germinating trays, where it remains for 7 days 
at a temperature of 59-64°Е (15-18°С). 

The grain is turned automatically during 

this period. The germination process is then 
brought to a halt. 


Filling 


10 


Storage tank 


In the resulting green malt, the starch has 
only been broken down partially into maltose. 
The malt is now kiln-dried at slowly rising 
temperatures (initially 113°F/45°C), then 
rising to 140-176?F (60-80*C) and—for 
dark beer—up to 221?F (105?C). The result 
is called brown malt. 


In the brewhouse, wort is prepared by 
mashing the shredded malt. Large quantities 
of water are stirred in, and the mixture is 
heated. The mashing process is interrupted 

at scheduled intervals or steps for enzymatic 
breakdown to take its course. Below 50?C, 
B-glucanases degrade gum-like substances that 
obstruct filtration. 


The protein breakdown step is 

Scheduled at 122—140°F (50-60°С), апа 

the saccharification step is reached at 
140-165*F (60-74°С), where starch-cleaving 
enzymes (a- and B-amylases) break down the 
remaining starch into glucose, maltose, and 
larger starch molecule fragments (dextrins). 


Once the mash has settled at the bottom 
of a lauter tun or the clear liquid has been 
strained through a mash filter, it is boiled, and 


р 


d Lautering 


Mashing 


Fermenter 


hops are added to produce concentrated and 
germ-free wort. 


Hops contain bitter substances as well as 
resins and essential oils, which all contribute 
to a fresh, bitter taste and better storability. 


When the wort has cooled and taken up 
oxygen in a whirlpool, pitching yeast is 
added. These yeasts are pure cultures of 
Saccharomyces cerevisiae, which are first 
encouraged to grow by the increased oxygen 
supply and then transferred to a fermenter. 


Lager beers are the result of slow, bottom 
fermentation (8-10 days). The German 
Word "Lager" means "storage," and indeed, 
these beers store very well and are very stable 
when shipped. 


The faster top fermentation (4-6 days) 
produces weissbier, ale, porter, and stout. 


The beer is then left to mature in storage 
tanks over several weeks at a temperature of 


32-35.6°F (0-2°C) before it is transferred 
into small kegs or bottles. 


i Boiling wort 


Y 


Whirlpool 


Wort chiller 


ш 1.2 Yeasts — The Secret Behind 
Alcoholic Fermentation 


Yeasts are members of the largest and most varied phy- 
Ium of fungi—Ascomycota. 


Unlike bacteria, which are prokaryotes, yeasts have a 
complex eukaryotic cell structure, including a genuine 
nucleus and compartments such as mitochondria. They 
have also been called budding fungi in reference to their 
asexual propagation. Yeasts, however, can also multiply 
through sexual reproduction, i.e., through the copula- 
tion of two haploid budding cells, each of which contains 
a complete set of chromosomes. Yeasts are classified on 
the basis of their mode of reproduction (Fig. 1.9). 


Yeasts are single-celled organisms, also called 
mother cells. Each of them sprouts several buds which 
grow into viable daughter cells. These are then pinched 
off and can, in turn, form new cells (Fig. 1.3). They are 
heterotrophic, i.e., they depend on organic nutrients and 
cannot perform photosynthesis, preferring an acidic en- 
vironment in their hosts. Their cell walls contain a sub- 
stance otherwise found in insect skeletons—chitin—as 
Well as hemicellulose. The alcoholic fermentation pro- 
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cess in beer production depends on the carbohydrates 
in the grain. These are mainly polysaccharides and they 
can only be digested by the glycolytic enzymes in the 
yeast cells (Fig. 1.15) if they are first broken up into di- 
saccharides and monosaccharides. 


ш 1.3 Now as Ever, Beer Is Brewed From 
Yeast, Water, Malt, and Hops 


As in Sumerian times, germinating barley stands at the 
beginning of the brewing process since the germination 
process turns barley into malt by enhancing the produc- 
tion of certain enzymes (Box 1.4). 


The malt is then crushed, mixed with warm water, and 
filled into mash tuns. Within a few hours, the starch 
stored in the grain is broken down into maltose, glucose, 
and various other sugars by virtue of enzymes called 
amylases. 


Other enzymes (f-cellulases) break down the outer 
layers of the barley grain, thus making the starch inside 
available to w-amylase. In a next step, the solid compo- 
nents of the mash are filtered out and the sweet liquid 
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Fig. 1.7 The Netherlands issued 10 nondenominated “1” stamps in 2011 to mark the 75th anniversary of the Netherlands’ Society 

for Microbiology. The various microscopic life forms harnessed by humans featured on the stamps include yeast (S. cerevisiae) for 
fermentation in wine production, lactic bacterium (Lactococcus lactis) for making cheese from milk, Rhizobium that provides nitrogen for 
planting, Anammox (short for ANaerobic AMMonium OXidation) bacteria for rendering wastewater harmless, a bacteriophage that kills 


harmful bacteria, Penicillium for production of penicillin, Methanosarcina for the production of methane gas (biogas), marine green algae, 


Tetraselmis suecica, for the production of biodiesel, A. niger (black mold) for breaking down vegetable waste into compost, and Bacillus 


bacteria that repair concrete by filling up cracks with lime. 


Fig. 1.5 Beer brewing in Ancient 
Egypt. 


Fig. 1.6 Beer—the carbon 
dioxide bubbles are clearly 
visible. 


Pasteurizing 


It was Louis Pasteur who 
discovered that heating up wine 
very briefly was enough to kill 
offany bacteria that might spoil 
it. The method was also suitable 
for preventing milk from turning 
sour. 


In honor of its inventor, the 
process that kills off most 
microorganisms present 

in a product was named 
pasteurization. Even raw milk 
produced to high hygienic 
standards contains 250,000- 
500,000 microbes per mL (cm?). 
Milk sold in supermarkets 

is therefore usually briefly 
heated to between 160?F and 
165°F (71°С and 74°С), i.e., it is 
pasteurized, killing off 98-99.5% 
of microorganisms contained in 
it. UHT (ultra-high temperature) 
milk, which can keep for weeks 
without refrigeration, has been 
briefly heated over steam to 
248°F (120°C) and it is then filled 
into pasteurized containers. 
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Lactobacillus 


Streptococcus 


T- 


Pseudomonas 


Bacillus subtilis 


Streptomyces 


Bacterial colony pattern formation. 


Pseudomonas. 
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4 


Germinating 
spores 


Fig. 1.8 Bacteria. 


Bacteria are prokaryotes, i.e., their 
genetic information is not contained ina 
nucleus, but is found in the cytoplasm— 
mostly as double-stranded DNA loops. 


They are lacking organelles typically 
found in eukaryotic (yeast, mold, 
higher animal, and plant) cells, such 
as mitochondria (for respiration) or 
chloroplasts (for photosynthesis), and 
an endoplasmic reticulum. 


Most bacteria are heterotrophic, i.e., 
they draw their energy from organic 
matter, whereas other species get their 
energy through photosynthesis or from 
inorganic (e.g., sulfur) compounds. 


Bacteria comprise mobile as well as 
immobile single-celled organisms 
(e.g., rods and cocci), but also 

as multicellular filaments on the 
substrate, as in Nocardia and the 


Methylophilus 


Escherichia coli 


Spirillum 


Staphylo- 
coccus 


Nocardia 


fungus-like structures (mycelia) of 
Streptomyces spp. in the air. 


The color tables show biotechnologically 
relevant bacterial species. The structure 
of bacterial cell walls may vary (see 
Chapter 4). According to their ability to 
take up a stain that makes them visible 
under the microscope, bacteria are 
divided into Gram-positive and Gram- 
negative species. 


Gram-negative aerobic rods and cocci 
include Pseudomonas spp. (utilization 
of hydrocarbons, steroid oxidation) 
and Acetobacter (production of acetic 
acid), Rhizobium (nitrogen fixation), 
and Methylophilus (single-cell protein, 
methanol oxidation). 


By contrast, the intestinal bacterium 
Escherichia coli, the microbial 
equivalent of guinea pigs in research, 
are also Gram-negative rods, but 
facultatively anaerobic. 


Bacillus (enzyme production) and 
Clostridium (acetone and butanol 
production) spp. are spore-forming 
rods and cocci. Club-shaped Gram- 
positive Corynebacterium spp. produce 
amino acids. 


Lactic acid-producing Streptococcus 
spp., Staphylococcus (food poisoning), 
Propionibacterium (vitamin В,» 

cheese production), Nocardia 

spp. (hydrocarbon oxidation), and 
Streptomyces (antibiotics and enzymes) 
are all Gram positive. 


Lactobacillus spp. (lactic acid- 
producing) are Gram-positive, 
nonspore-forming bacteria. 


While some bacteria are able to cause 
serious damage through disease 

and food spoilage, others have large 
economic potential in biotechnological 
processes. 


Coryne- 
bacterium 


Endomycopsis 


Aspergillus 


Fig. 1.9 Fungi. 


Fungi have an eminent role to play 

in the natural cycle, particularly in 
degradation processes. To date, around 
70,000 fungal species have been 
classified. Yeasts, like the fungi, are 
eukaryotes with nuclei that contain all 
genetic information (Fig. 1.9). 


Yeasts are sprouting fungi 
(Endomycota). We distinguish wild 
yeasts from cultured yeasts grown at an 
industrial scale, such as brewers' yeast 
(e.g., Saccharomyces carlsbergensis), 
wine and bakers’ yeast (Saccharomyces 
cerevisiae), or fodder yeast (Candida). 


Candida utilis is grown on the sulfite- 
containing effluents of paper mills. 
Candida maltosa feeds on alkanes 
(paraffins) of crude oil, producing 
fodder protein. Trichosporon cutaneum 
degrades phenol in effluents that 
would be toxic to other fungi. The 
yeast Arxula adeninivorans is used 

in microbial effluent sensors (see 
Chapters 6 and 10). 


Candida 


Torulopsis 


M Phanerochaete Ё 


Molds are members of the largest 
group of fungi, Ascomycota, comprising 
20,000 different fungi. Unlike the 
spherical yeasts, their cells are long 
and thin, and most of them are strictly 
aerobic. 


Mold spores are formed asexually by the 
division of the cell nuclei in the mycelia. 
These mycelia extend into the air and 

are called sporangia. The mature spores 
travel easily in the air, and when they land 
on a suitable substrate, they germinate to 
form new mycelia. Ascomycota are further 
subdivided according to the morphology 
and color of asci. 


Their mycelia all look pretty much the 
same —а tangle of thread-like hyphae. 
Many of the industrially cultured fungi 
are grown in submerged cultures in 
tanks, where they produce clumps of 
mycelia but no spores. 


They require nutrients similar to those 
of yeast but are more versatile. Unlike 
yeasts, some of them can thrive on 


cellulose (Trichoderma reesei) or lignin 
(Phanaerochaete chrysosporium) (see 
Chapter 6). 


Fungi of the Aspergillus and 
Penicillium genera are used in 
fermentation, especially in the 
enzymatic degradation of starch and 
protein in barley, rice, and soybeans, 
while Aspergillus niger produces 
citric acid. Penicillin is obtained 
from Penicillium chrysogenum (see 
Chapter 4). Other Penicillium species 
are used in the production of certain 
types of cheese, such as Camembert or 
Roquefort. 


Amylases and proteases produced 
by fungi are also harvested for 
industrial enzyme preparations (see 
Chapter 2). 


Endomycopsis and Mucor also produce 
industrial enzymes, while Fusarium 
species are used to obtain protein 

for human consumption (see Quorn, 
Chapter 6). 
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Penicillium 


Aspergillus niger on agar. 


Penicillin-producing mold 
(Penicillium notatum). 
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Bacteria 


Paramecium 


1/10 of a millimeter or 100 miérometers 


Fig. 1.10 True-to- 

scale reproduction of 
biotechnologically relevant 
microorganisms. The length 
of a Paramecium is roughly 
equivalent to the diameter of 
a human hair—one-tenth of a 
millimeter or 100 um. 


Fig. 1.11 Right: Size ratio of 
eukaryotic and prokaryotic cells 
and viruses. 


Fig. 1.12 Far right: A bacterial 
cell (Escherichia coli) in 
numbers. 


There are 5 x 10?? 
bacteria on Earth; 50% 
of all living matter is 
bacterial. 
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Eukaryotic cell: 10,000 nm 


Nucleus: 
2800 nm 


Prokaryotic cell 
(E. coli): 2000 nm 


© Smallpox virus: 250 nm 
» Rabies virus: 150 nm 
^^ Influenza virus: 100 nm 
© Bacteriophage: 95 nm 
Polio virus: 27 nm 


transferred to the copper tanks (coppers) where hops are 
added. Hops give the mixture a bitter taste. 


The mixture is now called wort and is poured into a 
fermentation vessel. Brewers' yeast is added to set off 
the fermentation process (Figs. 1.10-1.12). 


Once the alcoholic fermentation process is completed, 
the beer is allowed to mature in large tanks. Eventually, 
the beer is briefly heated to kill off any noxious microbes 
and it is then filled into bottles, cans, or kegs. 


While the basic processes in beer brewing have remained 
virtually the same for thousands of years, our knowledge 
has expanded. Our ancestors were unaware of the fact 
that they were harnessing microbes for their purposes. 


Discoveries similar to those of the Sumerians were made 
by people all over the world. Winemaking probably de- 
veloped 6,000 years ago in the Mount Ararat region. 
However, recent findings point to the Chinese as the 
first winemakers—9,000 years ago (Box 1.10). 


The ancient Greeks and Romans were lovers of fer- 
mented grape juice or wine (Box 1.5), and it was the 
Romans who brought the art of winegrowing and wine- 
making to what is now Germany and Britain. 


Number of Molecules and Proportion of Total 


Mass of the Cell 
Water 10° 80.0% 
Proteins 105-107 10.096 
Sugars 107 2.096 
Sugars 10° 2.0% 
Amino and organic acids 109-107 1.396 
DNA Я 0.496 
RNA 10?-10f 3.096 
Inorganic matter 10° 1.3% 


In Africa, pombe beer was produced using 
Schizosaccharomyces pombe, while the tribes of 
Central Asia made kumys, a drink made out of fer- 
mented horse milk, which they carried around in 
leather bags. The Japanese prepared sake, a rice-based 
alcoholic drink, and the Russians made kvass using 
Lactobacillus species and the mold Aspergillus oryzae 
for saccharification. 


14 DNA 110,000 i Several 
: iribosomes  : plasmids 


Length: 2 micrometers-2/1,000 mm 


Mass: 5x10 3g 


Box 1.5 Wines and Spirits 


In wine preparation, grapes are first crushed 
in a grape mill. For white wine, the grapes 
are immediately pressed and mashed, and 
the juice is separated from stalks, grape skin, 
and pips, also known as pomace. More and 
clearer juice can be extracted if pectinases 
(see Chapter 2) are added. 


For red wine, the mash is fermented 
straightaway, as only the fermentation process 
makes the anthocyans in the skin of the 
grapes dissolve and color the juice red. The 
mash is only pressed after 4 or 5 days. 


The fermentation process is brought on by 
yeasts adhering to the outside of the grapes, 
or—the safer bet—by inoculation with pure 
yeast cultures (5. cerevisiae strains). Foam 
develops in the process. This frothy, cloudy 
mixture is very popular in many regions of 
Southern Germany, served with onion tarts in 
the autumn. 


During the main fermentation process, which 
lasts 4—8 days, nearly the whole sugar content 
is used up. Proteins and pectins do not dissolve, 
but precipitate to form sediment that needs 

to be separated from the wine. Over the first 

12 months, the wine is stored in cool cellars 
where the remaining sugar undergoes slow 
fermentation. Again, sediment forms, and the 
wine develops its particular flavor or bouquet. 
At the end of the fermentation process, the 
young wine is transferred into firmly sealed 
storage casks that have been treated with sulfur. 
During the final maturation process, it may 

be exposed to air at regular intervals. This is 

the time for cellar treatment, which involves 
enhancing the storability of wine, e.g., by using 
sulfur, as sulfur dioxide is more toxic to bacteria 


than to yeast. Most wines have an alcohol 
content of 10-15%. 


Wines can be distinguished by color (mostly 
red and white), origin, and grape variety 
(e.g., Riesling, Pinot noir, Chardonnay, Syrah, 
etc.). To obtain some residual sweetness, 
the fermentation process can be interrupted, 
or some must (the juice of freshly pressed 
grapes, prior to fermentation) can be added. 
Dry wine contains up to 9 g of sugar/L, 
semidry wine up to 18 g/L, and anything 
above 18 g/L is considered sweet. There are 
also fortified wines to which sugar, ethanol, 
and sometimes herbs, have been added, but 
no further microbial action is involved. 


Vineyard in Stellenbosch, near Cape Town 
(South Africa). 


Champagne and other sparkling wines 
undergo two fermentation processes, and 

CO, is finally sealed into the bottle. At the 
beginning of the second fermentation, sugar 
syrup is added to the mix of selected wines 
(assemblage), which is filled into bottles 
inoculated with specific champagne yeast. 
During a slow process that lasts for several 
months, the bottles are riddled—i.e., turned 
and gradually tilted until they stand on their 
heads, and the yeast and sediment (lees) collect 
in the neck. The cap that has so far sealed the 
bottle is taken off, the sediment is removed 
(disgorgement), and before it is replaced by a 
proper wire-hooded champagne cork, sugar 
syrup and brandy are added. This results 

in a noble and stable wine that will give off 
fine bubbles long after it has been opened, in 
contrast to those sparkling wines where CO; 
is added to a still wine under pressure. 


Spirits include brandy, liqueur, punch, and 
cocktails. Cognac or Armagnac, rum, arrack, 
Whisky, and fruit schnapps are sometimes called 
noble spirits. The aromatic by-products of the 
fermentation process (esters, higher alcohols, 
aldehydes, acids, acetates, etc.) remain at least 
partially in the distillate to add to the taste. 

The fermentation of starch products does not 
produce a high level of fusel alcohols. 


Ordinary spirit drinks are mostly prepared 
by mixing a primary spirit with water and 
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aromatizing substances (e.g., aniseed, fennel, 
caraway, or juniper). They must contain at 
least 32% alcohol. Grain spirits are made 
from rye, wheat, buckwheat, oats, or barley. In 
whisky (at least 40% alcohol content), some 
peat is often added to the kiln when drying the 
malt to give it a distinctive smoky taste. Vodka 
has an alcohol content of 40-60% and is made 
from rye, potatoes, or other starchy plants. It 

is produced from mash through continuous 
distillation. For the preparation of gin, 
Steinháger, etc., juniper berries or alcoholic 
juniper extracts are added to the grain mash. 


Fruit brandies contain at least 38% alcohol 
and are distilled from fermented fruit without 
the addition of sugar, more ethanol, or 
coloring. They include Calvados and Grappa, 
whereas kirsch, plum (slivovitz), aprico 
marillen), and peach spirits are made from 
fresh fruit to which alcohol is added. Brandy 
at least 38% alcohol) must be distilled from 
wine or fermented fruit juice. 


Cognac is the name of distilled wine made from 
grapes originating from the French departments 
Charente Maritime, Charente, Dordogne, and 
Deux Sevres. There is also Armagnac, and 
countries such as Germany, Greece, Italy, and 
Spain also produce wine-based brandies. 


Rum is distilled from fermented sugarcane 
debris and it has an alcohol content of 38%. 
The basis for arrack is rice or the sap of 
coconut palm flowers. 


To prepare liqueurs, spirits are spiked with 
sugar, aromatic fruit, and plant extracts. 
Panch (derived from the Hindi word punsha, 
meaning five) is a hot drink made of five 
ingredients: ethanol, spices, lemon juice, 
sugar, and some tea or water. 


Cocktails are alcohol-containing appetizers 
and they owe their name to the American 
Revolutionary War, when the skill was 
developed to fill a glass with several layers 
of different liquids without mixing them so 
that they formed layers like the feathers on a 
cock’s tail. 


The author exploring the (empty!) 
fermentation tanks in Stellenbosch. 
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6 H,0+6 CO; 


Serine 


Leucine 
Valine 


L. a-Aminoadipate + 


Acetyl-CoA 


Oxalacetate 


Products of 
biotechnology 


Box 1.6 The Transformation 
of Glucose 


The breakdown of glucose (glycolysis) is 
initiated in the cell through the enzymatic 
transfer of a phosphate group from the 
cofactor adenosine triphosphate (ATP) to 
the glucose molecule (Fig. 1.15). While this 
process uses up energy, the subsequent steps 
of the metabolic process will continually 
liberate energy. 


Cofactors nicotinamide adenine 
dinucleotide (NADH) and ATP are essential 
regenerative compounds that work in 
conjunction with enzymes (see Chapter 2). The 
original glucose molecule contains six carbon 
atoms and it is enzymatically split into two 
3-carbon molecules of pyruvate (pyruvic acid). 
Pyruvate plays an essential role in metabolic 
processes, as it is oxidized to a large extent 

to produce activated acetic acid or acetyl 
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coenzyme A. The CO; released in the process 

is the first metabolic end product, leaving two 
carbon atoms in coenzyme A. A small portion of 
pyruvate is turned into oxalacetate, which sets 
off the tricarboxylic acid cycle, also known 

as citric acid or Krebs cycle, named after Sir 
Hans Krebs, who was awarded the Nobel 
Prize for his research into it. The two carbon 
atoms in acetyl coenzyme A enter the cycle to 
be oxidized to two CO; molecules. Intermediate 
products of the cycle, such as citric acid, are 
only produced in low concentration and remain 
in a dynamic equilibrium (see Chapter 4). 


During the breakdown of glucose, energy is 
released through dehydration, involving the 
oxidized cofactor NAD* to which hydrogen is 
temporarily transferred. 


The thus-reduced cofactor NADH must get 
rid of the hydrogen in order to be available for 
energy-producing reactions. This happens in 
the mitochondria through enzyme reactions 


Y 
Polyketides 


Isoprenoids 


in the respiratory chain. The oxygen 
molecule in NADH is used by the enzyme 
cytochrome oxidase (Fig. 1.14 and see 
Chapter 2) to produce water in a very energy- 
effective cold combustion process. 


В-о glucose being transformed in the cell. 


In wine production (Box 1.5), too, very little has 
changed. Red and white grapes are harvested and 
crushed, then pressed in order to obtain juice. The juice 
is then kept in sealed vessels—traditionally, wooden 
casks, but nowadays, metal tanks with a capacity of up 
to 250,000L (66,000 US gallons). The world produc- 
tion of wine in 2021 was 250 million hectoliters (6.6 
billion US gallons) per annum. 


ш 1.4 Cells Work on Solar Energy 


Every day, the sun sends 4 million billion kWh of 
energy to the earth, delivering all the energy that 
all the inhabitants of the earth need in a year within 
30 min, for free. Only three thousandths of this energy 
are turned into chemical energy by green plants through 
photosynthesis. 


In chloroplasts, energy-charged photons cleave wa- 
ter into its components, oxygen (100 billion metric 
tons/110 billion US tons per annum) and hydrogen. 
Only the oxygen molecules are released into the at- 
mosphere and made available to all organisms relying 
on aerobic respiration or "cold combustion." The hy- 
drogen released during photosynthesis is temporarily 
bonded to carbon (220 billion US tons per annum) in 
carbohydrates (sugars). 


Carbohydrates are the main products of photosynthe- 
sis and also the most important sources of energy for 
most living organisms. 


When hydrogen is severed again from its carbon bonds, 
it is only gradually released in what could be called a 
"biochemical oxyhydrogen reaction," producing energy 
on its way through the respiratory chain. All this energy 
has its origins in the sun! 


Cells need a constant supply of energy, whether they 
are growing or quiescent. This energy comes from 
the nutrients taken in and broken down by the cell's 
metabolism in a controlled cascade of enzymatic 
reactions along specific metabolic pathways. The 
products of these reactions provide building blocks 
and energy for syntheses and other energy-intensive 
processes. 


Nutrients are first broken down into smaller compo- 
nents and then transformed into low-molecular-weight 
compounds that form the building blocks of cells— 
glucose, amino acids, nucleotides (pyrimidine and pu- 
rine bases and sugar phosphates), organic acids, and 
fats. 


These are the components that build the giant molecules 
of proteins, nucleic acids (DNA and RNA), polysaccha- 
ride reserve materials, and cell-wall components. 
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Since photosynthesis produces mainly carbohydrates, 
providing the nutritional basis for most organisms, the 
primary starting material for metabolic processing is glu- 
cose. The various ways in which glucose can be broken 
down in a cell open up several pathways for biotechno- 
logical production. 


ш 1.5 For Yeast, Alcohol Has Nothing to Do 
With Enjoyment, But All With Survival 


Our biochemical knowledge tells us that yeasts are fac- 
ultative aerobic organisms—they can live either aerobi- 
cally through respiration or anaerobically through 
fermentation. Yeast thrives in the presence of oxygen, 
turning sugar into CO; and water through respiration 
while extracting the energy needed to grow and form 
new cells. 


When the air supply is cut off, yeast cells switch their 
metabolism to an anaerobic emergency mode. 
Fermentation enables them to survive in a hostile en- 
vironment, even though it is energetically inefficient. In 
1861, Louis Pasteur discovered that in the absence of 
oxygen, yeast uses up more glucose than in its presence. 
This is known as the Pasteur effect. In an anaerobic en- 
vironment, yeasts continue to process glucose molecules 
аї ап even higher rate than in an aerobic environment in 
order to compensate for the energy loss. In the absence 
of oxygen, the respiration chain cannot be completed to 
produce NADH + Н? but grinds to a halt at the pyruvate 
stage. 


The cell transforms pyruvate into acetaldehyde, re- 
leasing CO; (Box 1.6). Due to the lack of oxygen, the 
accumulating NADH + H*, which would otherwise be 
reoxidized into NAD*, cannot be used up as usual in 
the citric acid cycle. The only alternative is to turn ac- 
etaldehyde into ethanol and NAD* by virtue of alcohol 
dehydrogenase (Fig. 1.13). In other words, glucose is 
degraded into alcohol and CO; in an incomplete com- 
bustion process. The fermentation of a glucose molecule 
yields only one to four ATP molecules, compared to up 
to 38 molecules resulting from respiration. However, it 
is efficient as a survival strategy. 


Producing alcohol is therefore not as pleasurable an 
activity as humans like to think, but an emergency 
strategy for yeasts. 


Once the alcohol exceeds a certain level, the yeast will 
perish. In contrast to the traditional view, it is possible to 
produce ethanol aerobically (Crabtree effect) if the glu- 
cose content exceeds a glucose/nutrient medium ratio of 
1:10,000. In the resulting overflow reaction, pyruvate is not 
oxidized via the citric acid cycle, but reduced to ethanol. 


Modern gene chips (see Chapter 10) for mRNA (a single- 
stranded nucleic acid that carries the protein-building 
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Fig. 1.13 Alcohol 
dehydrogenase from yeast 
converts acetaldehyde into 
ethanol. In bioanalysis (see 
Chapter 10), the reverse 
reaction is used to detect 
ethanol levels in blood. 


Molecular 


oxygen 
a Reduction 
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-Q Water 


Fig. 1.14 Cytochrome oxidase, 
the respiratory enzyme 
discovered by Otto Warburg. 
In a cold combustion process, 
hydrogen is turned into water 
and energy is released. 
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Fig. 1.15 Glycolysis and the enzymes involved in the process: 
Degradation of glucose into pyruvate (simplified). 
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instructions from nuclear DNA to ribosomes; 
see Chapter 3) have been used to demonstrate 
that when a shortage of oxygen occurs, anaer- 
obic yeasts suddenly switch to producing a 
set of enzymes that varies largely from that of 
aerobic yeasts. The oxygen supply determines 
which set of genes is read and what proteins 
will be expressed. 


Other organisms produce lactic acid 
(Lactobacillus), butyric acid (Clostridium bu- 
tyricum), propionic acid ( Propionibacterium), 
acetone, and butanol (Clostridium acetobu- 
tylicum) (see Chapter 6) and other compounds 
as fermentation by-products while synthesiz- 
ing ATP. 


These by-products are usually produced in 
large quantities because only a large turnover 
of nutrients can ensure a viable supply of ATP 
for the cells in the absence of oxygen. 


What seems to have been a drawback for the 
microorganisms proved to be an advantage 
in the human exploitation of fermentation 
processes—alcoholic and lactic fermen- 
tation yielded large quantities of human 
produce in a short space of time. From 
a human perspective, this was highly 
effective. 


= 1.6 Highly Concentrated Alcohol 
Is Obtained by Distillation 


If the alcohol produced by yeast exceeds a cer- 
tain concentration, it will kill the yeast, which 
is why beer and wine have a fairly low alcohol 
content. Wine contains 12-13% alcohol and 
even sake contains 16-18% alcohol. 


Highly alcoholic drinks such as whisky or 
brandy were probably not known before the 
12th century, when wine was heated in closed 
kettles. 


Alcohol distillation was possible because 
the temperature at which alcohol evaporates 
(172.4°F/78°C) is considerably lower than 


the boiling point of water (212°F/100°C). 
The alcohol vapors were collected in a pipe 
immersed in cold water where they cooled 
down and condensed into droplets. The highly 
concentrated alcohol was collected in a vessel. 


Distilled drinks containing at least 64 proof 
(32 vol%) ethanol (Box 1.5) are called spir- 
its. They include brandy, whisky, schnapps, 
vodka, and gin. 


Cognac was developed by vintners in the 
French region of Charente, who realized that 
their wine could not compete with that of the 
neighboring region of Bordeaux; so, they hit 
on the idea of distilling their wine. Later, it was 
even distilled twice in succession, and even 
nowadays, the young Cognac that is stored in 
casks of Limousin oak for several years has an 
alcohol content of 7076. Only when it has ma- 
tured and developed the right color and flavor 
is it diluted to 40%. 


Pure alcohol is extracted from grain and po- 
tato starch in modern distilleries. Amylases 
turn the starch into sugar, which is then fer- 
mented into alcohol by yeast. The alcohol 
is heated and distilled to a concentration of 
96%. Everybody has heard of the disinfecting 
powers of alcohol, and indeed, 7076 alcohol 
is used externally for medical disinfection. 


Even in concentrations of 2-3%, alcohol in- 
creases the permeability of the cytoplas- 
mic membrane in bacteria, thus hampering 
their growth. It is thus hardly surprising that 
highly concentrated alcohol has even better in- 
hibitory properties. Fruit preserved in alcohol, 
e.g., in a dessert known as rumtopf or rom- 
krukke, keeps for a long time, demonstrating 
the microbe-containing effect of alcohol. Most 
microorganisms responsible for food poisoning 
or rot are alcohol-sensitive and will not prolif- 
erate when exposed to it. 


In the early days of humankind, alcohol 
certainly had a part to play in preserving 
food and making it safe. Not an excuse 
for getting drunk today! 
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Fig. 1.16 Professor Robert 
Koch ensures his fungi will 
be “cultured” (contemporary 
cartoon). 


Fig. 1.17 Bread is the result of 
lactobacilli and yeasts at work. 


Fig. 1.18 Medieval 
bread-baking. 


Fig. 1.19 Modern bread- 
baking on an industrial scale. 
The basic processes remain 
unchanged. 


Fig. 1.20 Keeping farm animals 
in ancient Egypt, approximately 
5,000 years ago. 
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ш 1.7 Bacterially Produced Acidic 
Preservatives 


Bacteria are prokaryotes and are about a 10th of 
the size of yeast cells. To give you some idea of the 
size of bacteria, imagine a tiny cube, the sides 1 mm 
long (1 mm), filled with no less than a billion 
bacteria! 


Bacteria (Fig. 1.8) are often rod-shaped bacilli. Some 
are spherical cocci (Greek kokkus, spherical nucleus), 
some are comma-shaped and constantly vibrating vibri- 
ons, and some are spiral-shaped spirilli. Many bacteria 
have flagella, long tails that act as propellers. Most bac- 
teria reproduce by splitting in half. The daughter cells 
mostly detach themselves but can also form chains. The 
chain-forming bacteria are called streptococci (Greek 
streptos, chain). Others stick together in grape-like bun- 
dles and are known as staphylococci (Greek staphyle, 


grape). 


Alongside yeast, there is a wide range of bacteria in- 
volved in the production of various foods. Some of these 
are even suitable for alcohol production. Zymomonas 
mobilis was used by native Mexicans for centuries to 
prepare Pulque (better known as Tequila, which is the 
local variety of the town of Tequila), by fermenting agave 
sap and palm wine. Only recently has it been discovered 
that the bacterium grows very well in high-sugar media, 
at about 6—7 times the growing pace of the best yeast 
strains. 


Bread-baking, as we know it, probably developed later 
than brewing. The first known bread was firm and flat. A 
fluffier type of bread was made from fermented dough 
(sourdough) by Egyptian bakers about 6,000 years ago. 


Sourdough, like the world-famous San Francisco sour- 
dough (Box 1.9), contains a mixture of Lactobacillus 
varieties and acid-tolerant yeasts, i.e., yeasts that can 
live in a neutral as well as in an acidic environment. 


So, drinking cows' milk would probably have made 
these early Egyptians very ill, but over the centuries 
their descendants and many other populations 
eventually adapted to it. It is a pattern repeated across 
the world: substances that are initially very hard for us 
to digest become, by slow adaptation, central to our 
diet. We are often told that we are what we eat; it might 
be truer to say that we are what our ancestors, with 
great difficulty, learned to eat. 


From Neil MacGregor, A History of the World in 100 
Objects, Allen Lane London 2010. 


Species include S. cerevisiae, Candida humilis, and 
Pichia saitoi. 


The aroma and taste of bread are the result of by- 
products of the fermentation process, such as alcohol, 
acetic acid, lactic acid, 2-acetyl-l-pyrroline, dicarbonyl, 
and fuse alcohols. 


The desired product in bread-baking fermentation is 
not alcohol, but carbon dioxide (CO2) to lighten 
the dough with its gas bubbles. The fermentation pro- 
cess is fed by the glucose and maltose produced by 
amylases from the starch contained in the flour, and 
by added free sugars such as glucose, fructose, and 
saccharose (sucrose). It comes to an end during 
the baking process when the heat kills off yeasts and 
bacteria. Any alcohol formed in the process evap- 
orates, and all that remains in the baked bread are 
the honeycomb-like hollow spaces formed by the CO; 
bubbles (Box 1.9). 


Commercial sourdough bread is made from a mixture of 
flour, yeast, salt, and water, plus ready-made sourdough. 
The dough is kneaded and left to rise for several hours 
before it is cut into loafsize portions by a machine. 
These portions are left to rise again, then rolled up and 
put in tins. 


Another rising process follows before the dough is put 
in the oven. After baking, the crisp loaves are taken 
out of the oven to cool down. White bread and cakes 
are leavened with yeast only, without any lactic acid 
fermentation. 


Baker's yeast (5. cerevisiae) is often grown on molas- 
ses, a residue from sugar beet or sugarcane production, 
and 1.5 million metric tons (1.65 million US tons), 
worth $630 million, are sold worldwide every year. 


When humans began to domesticate sheep, goats, 
and cows and use their milk, they discovered that 
milk (Box 1.7) seemed to turn sour by itself when 
left standing for some time. They also discovered that 
milk that had been boiled did not go off as quickly. In 
fresh milk straight from the animal, lactobacilli pro- 
liferate rapidly and ferment lactose into lactic acid 
(lactate). The result is a tasty, storable, and nutritious 
product. The acidic environment inhibits the growth 
of putrefactive and pathogenic microbes, such as 
staphylococci. 


When milk turns sour, the protein casein precipi- 
tates into small flakes and becomes easier to digest. 
Lactic acid also undergoes a reaction with calcium in 
the stomach, resulting in calcium lactate, which can 
then easily be absorbed through the intestinal walls. 


Box 1.7 Products Derived From 
Sour Milk 


Sour milk products are the result of lactic 
fermentation. 


Camembert preparation. 


Sour milk (thick milk) is prepared 

from pasteurized milk inoculated with 
Streptococcus cremoris, Streptococcus 
lactis, and Leuconostoc cremoris to ensure a 
pleasant aroma develops during 16 hours of 
tank fermentation. 


Yogurt is made from goat's, sheep's, or cow's 
milk and it contains a symbiotic culture of 
thermophilic lactic bacteria (Streptococcus 
thermophilus and Lactobacillus bulgaricus). 
Lactobacillus provides a cleavage product 

of casein that stimulates the growth of 
Streptococcus, while the formic acid produced 
by Streptococcus has preservative properties. 


Kefir is a thick, slightly fizzy drink containing 
0.8-1% lactic acid as well as 0.3-0.8% 
ethanol and carbon dioxide. In conjunction 
with small amounts of diacetyl, acetaldehyde, 
and acetone, these compounds all contribute 
to the refreshing taste of kefir. Kefir grains 

are cauliflower-like structures containing 
yeasts that ferment casein and lactose 
(Saccharomyces kefir and Torula kefir) as well 
as Lactobacillus, Streptococcus, Leuconostoc 
Species, and acetic acid-producing bacteria. 


Kumys is made from horse milk fermented 
with a mixture of lactic acid bacteria and yeasts. 
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How does Swiss 
cheese get its holes? 
Famous artist Sven 
Nordqvist gives a 
funny answer. 

© Sven Nordqvist 
and Poste Suisse, 
Bern. 


Sour cream butter (cultured butter) is 
obtained through microbial fermentation. The 
cream is skimmed off and heat-treated, then 
cooled and “matured,” during which time the 
butter fat crystallizes. After inoculation with. 
acid-forming bacteria (St. lactis, St. cremoris, 
and L. cremoris), lactose is fermented into lactic 
acid, diacetyl, and acetoin. The butter is then 
churned to remove surplus liquid or buttermilk. 


Local cheeses on the Mediterranean island 
of Corsica. 


Roquefort with air channels for mold growth. 


In cheese preparation, pasteurized milk is 
inoculated with starter cultures of lactic acid 
bacteria and mold fungi. Rennet is added and 
makes the milk curdle within the hour. The 
thickened milk is then carefully cut into half- 
inch lumps, the whey is discarded, and the 
curd is poured into molds. 


Emmental cheese is turned several times 
over 2 weeks, soaked in salt water, and dried 
before being stored in a cellar for 6-8 weeks, 
during which time Propionibacteria ferment 
lactic acid into СО» and propionic acid, giving 
the cheese its characteristic taste and “holey” 
structure. The cheese is then left for б months 
to mature. 


After drying, Limburg cheese is brushed 
several times with a Brevibacterium linens 
culture to produce the red, slimy layer on top 
of the cheese. 


Camembert is inoculated with spores 

of either the fast-growing Penicillium 
caseicolum or the traditional Penicillium 
camemberti and stored in a dry cellar where 
the mold grows within 3—4 days. 
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After 9—11 days, the cheese is ready to be 
packed and sold and may only reach its full 
maturity in the home of the end consumer. 


Camembert, the result of Penicillium species 
at work. 


The famous holes in the cheese: product of 
propionic acid bacteria. 


Rennin (chymosin) molecule. 


The protein-cleaving enzymes in the mold 
fungi soften the cheese, releasing aromatic 
compounds and pungent ammonia. 


Real Roquefort is made from fresh, 
unpasteurized sheep’s milk. The cut curd is 
inoculated with Penicillium roqueforti. Once 
pressed into molds, the cheeses are brought to 
Roquefort from all over France, where they are 
pierced with skewers to open up air channels 
or the mold to grow in. The cheese matures 
exclusively in the natural cellars or caves in a 
mountain in Roquefort. The ripening process 
akes 20 days under aerobic conditions, 
ollowed by 3 months under anaerobic 
conditions, wrapped in tin foil. The protein and 
fat-cleaving enzymes continue to be active. 


Making cheese in the Middle Ages. 
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Box 1.8 Sake, Soy Sauce, and 
Other Fermented Asian Products 


The production of Japanese sake resembles 

the beer brewing rather than the winemaking 
process because rice is rich in starch that needs 

о be broken down by amylases into fermentable 
sugars. Mold fungus spores are added to cooked 
rice, which is then kept at a temperature of 95°F 
35°C) for 35 days to produce koji. Koji is rich in 
amylases secreted by the fungi and is added to 
arger batches of rice and starter cultures (moto) 
of yeast strains such as S. cerevisiae. Left to 
ferment for 3 months, the rice is turned into sake 
with an alcohol content of about 20%. 


The production method for soy sauce (shoyu 
in Japan, chiang-siuin China, siau in Hong 
Kong) is very similar. Moromiis made from 
soybeans, wheat, and koji plus large amounts of 
salt. It is left to ferment for 8-12 months, using 
Aspergillus soyae and A. oryzae. Starter cultures 
of the bacterium Pediococcus soyae and the 
yeasts Saccharomyces rouxii, Hansenula, and 
Torulopsis are added to produce lactic acid 

and alcohol. At the end of the fermentation 
process, the soy sauce is strained, and the 

solid remains are used as cattle feed. Soy sauce 
contains not only 1876 salt, but also 176 of the 
flavorenhancing amino acid salt monosodium 
glutamate (see Chapter 4) and 2% alcohol. 


Miso is fermented soy paste, one of the major 
traditional Japanese sources of protein. Again, 


This ensures that calcium, so essential for 
our bone structure, is not wasted. The dif- 
ferences in climate and milk properties all 
over the world have led to a wide variety of 
milk-treatment traditions. In Europe, there is 
curdled or thick milk, and curd, quark, 
or fromage frais, in the Balkans and the 
Middle East yogurt, in the Caucasus kefir, 
in Central Asia kumys, in India dahi, and in 
Egypt laben. 


When butter is produced, milk is first pas- 
teurized (see Chapter 4); then, the cream is 
separated and inoculated with a mixed culture 
of lactobacilli (cultured butter). The cream 
matures in special vessels for 16—301 during 
which the bacteria produce acids and acetoin. 
When acetoin oxidizes, the typical butter fla- 
vor (diacetyl) develops. 


When butter is churned, buttermilk forms as 
a by-product. 
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koji is involved in the preliminary production 
stages. Tofu (also called sufu) is obtained 
from acid-curdled soy protein fermented by 
Mucor sufu. 


Sake barrels piled up in front of a Japanese 
temple. 


Natto, with its pungent ammonia smell, is 
made from steamed soy beans rolled into a 
slither of pine wood inoculated with koji 

(A. oryzae) and left to stand for several months 
before it undergoes a second fermentation 
with Streptococcus and Pediococcus bacteria. 


Angkak (red rice) is made from steamed 
rice and the fungus Monascus purpureus. It 


According to German beliefs, sour food lifts 
up spirits—well, at least a certain amount of 
acidity in the food can be pleasant. Lactic fer- 
mentation of cabbage and cucumbers is an 
ancient preservation method. 


Gherkins (a type of cucumber) are also of- 
ten preserved together with other vegetables 
(mixed pickles) and they are often recom- 
mended as a hangover cure. 


Olives that have been soaked in a weak 
sodium hydroxide solution to remove 
bitter-tasting oleuropin are then preserved 
with lactobacilli. Unripe olives are green, 
ripe olives black. The lactobacillus involved 
in these processes is mainly Lactobacillus 
plantarum. 


In sauerkraut production, finely chopped 
white cabbage is layered with salt (spices 
optional) and crushed. The liquid emanating 
from the crushed plant cells must cover the 


is used as a hot spice and pigment in China, 
Indonesia, and the Philippines. 


Indonesian Tempeh is produced from cooked 
soybeans inoculated with the Rhizopus mold 
and wrapped in banana leaves. 


Soy sauce with wasabi (grated horseradish 
containing peroxidase, see Chapter 2). 


cabbage completely to exclude air. Stored in a 
cool place, the cabbage will ferment and turn 
into delicious sauerkraut. 


Sauerkraut will keep because lactic and acetic 
acids ensure that the environment remains 
far too acidic for rot-promoting microbes 
to develop. 


Nowadays, sauerkraut is often produced 
in containers holding up to 100 US tons. It 
is ready to eat within 7—9 days and often 
briefly heated (blanched) to kill off the lac- 
tobacilli and end the fermentation process to 
make sure the sauerkraut will retain its mild 
taste. 


Not only humans, but also cattle love acidic 
food—they adore silage. Fresh forage, 
corn, and turnip leaves are shredded and 
tightly packed into a silo for fermentation. 
This provides reliable and nutritious winter 
eed. 


Box 1.9 The Expert's View: 
San Francisco Sourdough Bread 


Bread harbors one of the last mysteries of 
food biotechnology. 


Unappealing and virtually indigestible cereal 
grains are converted to an amazing variety 
of delicious and nutritious loaves and bread 
rolls by a simple process involving grinding, 
fermentation, and baking. 


One of the best-kept secrets of bakers is 
sourdough fermentation, which is always 
used if only the best will do. San Francisco 
sourdough bread or crackers, ciabatta or 
baguette, pumpernickel or panettone—what all 
those wildly different products have in common 
is sourdough, i.e., they are all fermented with 
lactic acid bacteria and yeasts. 


Colonies of slime-forming bacterium 
Lactobacillus sanfranciscensis. 

A sourdough culture begins with a mixture 
of flour and water. After mixing, some of 

he gluten and starch in the wheat flour is 
degraded by naturally occurring enzymes 

in the flour, providing sugars and amino 

acids that microorganisms can metabolize. 
nitially, a wide variety of microorganisms 
starts to grow—the dough turns sour and 

it may even develop a bad smell. Only after 
repeated feeding with fresh flour and water 
refreshment) does the mixture develop into a 
balanced, symbiotic culture. АП sourdough 
starters contain a stable, symbiotic culture 

of yeast and lactic acid bacteria, but the 
origin of many organisms remains a mystery. 
Some sourdough bacteria, e.g., Lactobacillus 
reuteri, originate from the intestines of rats 
or humans, as was revealed by the organism’s 
genetic makeup. However, sourdoughs 
typically contain the yeast Candida 

humilis and the bacterium Lactobacillus 
sanfranciscensis, isolated first from San 
Francisco sourdough. These organisms likely 
come from fruit or fruit-associated insects. 


An active sourdough enables bread baking 
with only three ingredients—flour, water, 
and salt. Sourdough bread is made by using 
a small amount of “starter” dough with active 
yeasts and lactobacilli and mixing it with 
new flour and water. Some of the resulting 
dough is then saved for use as starter next 
time. As long as the starter dough is fed 


flour and water daily, the sourdough remains 
healthy and usable almost indefinitely. It is 
not uncommon for a baker to have a starter 
dough that has had many years of history, 
from many hundreds of previous batches. 


Yeast and lactobacilli in the sourdough 
metabolize sugars in the dough—mainly 
maltose and sucrose—to produce the gas 
СО», which leavens the dough. Obtaining 
a Satisfactory rise from sourdough, however, 
is more difficult than with packaged baker's 
yeast. To leaven a dough with baker's yeast, a 
large number of yeast cells are added (usually 
more than 100 million cells per gram of 
dough), which rapidly produce enough gas to 
leaven the dough. In sourdough, not as many 
yeast cells are present (about 10 million cells 
per gram), and although they are supported 
by the lactobacilli, it takes a longer time to 
produce enough gas and, often, a denser 
finished product is obtained. 


Gold rush in California: Paving the way for 
sourdough bread. 


History of sourdough 


The history of sourdough probably began 
with cultivation of cereals—humans realized 
already in ancient times that milling, 
fermentation, and baking convert raw cereal 
grains into tasteful and nutritious food. 
Descriptions of sourdough baking were found 
in the tombs of ancient Egypt. Egyptians 
were also the first to virtually industrialize 
bread production, to feed the thousands of 
workers constructing the pyramids. 


Bread made from rye flour, which is very 
popular in the northern and eastern parts 

of Europe, is leavened with sourdough. Rye 
flour has a high amylase activity. Unless the 
rye amylases are inhibited by the acidity of 
sourdough, they degrade the starch during 
baking, converting the bread crumb to a slimy 
mess. In those parts of Europe where bread 

is produced from wheat flour, sourdough was 
replaced by baker’s yeast in the last century. 
Only for specialty products such as baguettes 
in France and panettone in northern 
Italy, the use of sourdough remained a must 
to achieve the right taste and aroma. 


American pioneers heading west on 
their covered wagons also carried an active 
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sourdough culture, which enabled them to 
bake bread just with flour, water, and salt, 
sparing them the need for carrying other 
leavening agents. 


For the same reason, sourdough was used 
by the gold prospectors during the 1848 
California Gold Rush. In Northern 
California, sourdough bread was so common 
that “sourdough” became the general 
nickname for the gold diggers. 


In 1898, the “sourdoughs” and their sourdough 
moved to the Yukon in the Klondike Gold 
Rush, but sourdough bread remains a major 
part of the culture of San Francisco. Baking 
was probably more lucrative than gold 
mining and a lot more reliable as a job... 


The bacterium Lactobacillus. 


Each bakery's mother dough, also known as the 
mother "sponge," has been in continuous use 
since the respective bakery's founding, carefully 
maintained and replenished by generations 

of bakers. It could be said, with some truth, 
that San Francisco's sourdoughs are the 
oldest inhabitants of the city. The mother 
dough in one bakery will not be the same as 

the mother dough in another bakery across 
own—depending on the ambient temperature, 
humidity, and how the baker propagates 

the mother sponge, different strains of L. 
sanfranciscensis and yeasts will develop. Their 
metabolic activities are decisive for bread flavor 
and, thus, each bakery produces different bread. 
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Box 1.9 (Continued) 


The biotechnology behind sourdough 


What can modern biotechnology do today 
to improve the well-established sourdough 
procedure and to adapt the traditional 
fermentation to industrial baking? 


The first question is: which bacteria and 
yeasts proliferate in sourdough? Yeast and 
bacteria are symbiotic partners and their 

cells occur in a ratio of about 1:100. Many 
different species of yeast and lactobacilli were 
isolated from sourdough, but Candida humilis 
and Lactobacillus sanfranciscensis remain the 
most fascinating. 


L. sanfranciscensis has, to date, only been 
found in sourdough. Moreover, it populates 
sourdoughs around the world and is used 

to make the Westphalian Pumpernickel (in 
Northwest Germany), the Italian panettone 
and, of course, the famous San Francisco 
sourdough bread. 


The second question is: why does 

L. sanfranciscensis succeed so widely 

in sourdough but fail to grow just about 
anywhere else? This organism has 

adopted a truly American way of life, making 
wasteful use of abundant resources. Dough 
contains plentiful maltose, which is formed 


glucose-1-phosphate and glucose without 

the expenditure of ATP—the energy-rich 
glucose-1-phosphate is converted to lactate, 
СО», and ethanol, and the glucose is thrown 
out. Fructose, the second most abundant 
sugar in dough, is not used as carbon source, 
but reduced to a sugar alcohol, mannitol. This 
process allows Lactobacillus sanfranciscensis 
to gain more energy from maltose and to 
produce acetate instead of ethanol. 


This and other metabolic features ensure that 
L. sanfranciscensis is the fastest growing 
bacterium in sourdoughs that are propagated 
daily, and thus outcompetes all other bacteria. 
The yeast cannot use maltose, but utilizes all 
other sugars present in dough (including the 
glucose thrown out by the lactobacilli). Thus, 
the two critters do not compete for a carbon 
source. Moreover, C. humilis is much more 
resistant to lactic and acetic acid than baker's 
yeast. 


Finally, which compounds are responsible 
for the distinctive flavor of sourdough 
bread? Flavor is a result of teamwork 
between flour enzymes, yeasts, and 
lactobacilli. Wheat flour contains very low 
levels of amino acids. During sourdough 
fermentation, wheat proteins are degraded 
to amino acids by flour enzymes. The taste 
of sourdough bread is not only due to the 
acids produced by the lactobacilli; taste also 
originates from glutamate, which is produced 
by lactobacilli from glutamine and provides 
a savory and “umami” flavor that we also 
know from soy sauce. The smell is derived 
from a combination of about 20 important 
flavor compounds in sourdough bread. 

One example is 2-acetyl-1-pyrroline, a 
compound generated during baking from 
the amino acid ornithine, which imparts the 
“roasted” odor to the fresh crumb of wheat 
bread (and contributes much to the smell 

of a bakery). Sourdough lactobacilli convert 
arginine to ornithine, which accumulates 

in the dough. Ornithine, which is not a 
proteinogenic amino acid, is converted during 
baking to 2-acetyl-1-pyrroline. 


Enjoy your sourdough bread! 


Arginine 


Arginine NH; e 
deamininase 


` ә 
K ә Ornithine 


carbamyl 
++ о transferase 


Ornithine 


2-Acetyl- 
1-pyrroline 


from starch through the action of amylase 
enzymes. 


Professor Michael Günzle is a leading 
international specialist on sourdough 
microbiology. At present, he teaches at the 
University of Alberta. Here, he is baking 
sourdough bread with his son Markus. 


L. sanfranciscensis uses maltose 
phosphorylase to cleave maltose into 


Sourdough production in San Francisco today. 
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Box 1.10 Deciphering the Vintage 
Code 


Patrick McGovern of the University of 
Pennsylvania has a dream job—he combines 
chemical analysis with archeology, analyzing 
traces of wine in ancient vessels. His claim to 
fame was the discovery of the purple imperial 
dye obtained from the mollusk Murex trunculus. 
This was followed by McGovern's Noah 
hypothesis: As described in the Bible, Noah 
landed on Mount Ararat in Eastern Turkey and 
he soon started growing vines there. It seems 
that that area is the cradle of agriculture where 
einkorn wheat was grown for the first time. 


Chinese wine vessel and Prof. McGovern 
tasting historic wine samples. 


McGovern began by comparing the DNA 

of wild vines ( Vitis vinifera sylvestris) (see 
Chapter 10), which is found between Spain 
and Central Asia. It is the ancestor of the 
cultured vine varieties. He is now exploring 
the Turkish Taurus mountains where the river 
Tigris rises, hoping to find the original wild 
vine. José Voulilamoz at the Italian Instituto 
Agrario di San Michele all'Adige in Trento 
and Ali Ergül at Ankara University are part 
of the DNA team. Every type of grape they 


In the early stages of silaging, aerobic bac- 
teria use up the available oxygen. This en- 
vironment of diminishing oxygen supply 
and increasing acidity makes Lactobacillus, 
Streptococcus, and  Leuconostoc species 
thrive (Figs. 1.21-1.23). 


Where the formation of lactic acid is insuf- 
icient, butyric acid-producing bacteria 
Clostridium butyricum) will take over, giving 
off a tell-tale acrid smell. As a country boy, I 
earned that such silage should never be fed 
to cattle if you want to spare them severe in- 
digestion. They produce incredible amounts of 
gas... 


Dry and semidry sausages are another kind 
of food that may be preserved by lactic acid 
fermentation, e.g., salami, mettwurst, and 


can lay their hands on in the region is being 
collected in order to trace back the origins of 
viticulture. 


Scientists are also looking for potsherd (bits of 
ancient crockery) carrying wine residue. Tartrate, 
investigated by Louis Pasteur in his day, is a 
reliable indicator for the presence of wine. 


Ten years ago, Patrick McGovern thought he 
had finally found the oldest traces of wine and 
barley beer in the Iranian village Haji Firuz 
Tepe. They were about 7,400 years old. 


However, in Jiahu in the Chinese province of 
Henan, oracle bones with very early writing, 
flutes made out of bird bones, and potsherd 
with wine residue have now been found. 
McGovern took 16 of the 9,000-year-old 
pieces of potsherd back to the Pennsylvania 
Museum of Archaeology and Anthropology in 
Philadelphia. He also took 90 sealed bronze 
vessels dating from the Shang Dynasty. 


Using a combination of gas and liquid 
chromatography, infrared spectrometry, and 
isotope analysis, it was established that the 
wine consisted of a complex mixture of 
fermented rice, beeswax, hawthorn berries 
(very high in sugar and possibly the source of 
the fermenting yeast), and wild grapes. 


During the Shang period, much progress was 
made on the wine production front. The wine 
of the Shang emperors, found in those bronze 
vessels, contained traces of chrysanthemum 
flowers, pine resin (reminiscent of modern- 
day Greek retsina), camphor, olives, tannins, 
and even wormwood, the absinthe plant 

that ruined the life of Parisians in Toulouse- 
Lautrec’s Belle Epoque. 


cervelat sausages (Fig. 1.24). The sausage 
meat is inoculated with starter cultures of 
lactobacilli and bacteria of the micrococcus 
family. Sugar is added to the mixture to start 
off lactic fermentation, as the sugar content 
of meat is insufficient. Lactic acid not only 
adds to the flavor, but—in connection with 
pickling salt (a mixture of NaCl and the con- 
troversial sodium nitrite)—also inhibits the 
growth of undesired microbes and adds to the 
firmness of the sausage. The sausage meat is 
stuffed into casings and hung up to mature for 
2 weeks in chambers where the sausages also 
undergo intermittent smoking. 


When wine has been exposed to air over a pe- 
riod of time or has been kept in a vessel that 
has not been properly sealed, it turns sour and 
ends up as vinegar. 
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McGovern refrained from sampling the 
aromatic Shang wine, as the vessels contained 
up to 20% lead. This is an intriguing find. 
The acidity of wine helps dissolve metals, and 
50, just like the upper classes in Rome with 
their lead chalices, the Chinese emperors 
probably poisoned themselves with lead. The 
symptoms range from cramps to hallucinations. 
Like all heavy metals, lead inhibits the action 
of enzymes by breaking up the stabilizing 
disulfide bonds of proteins (see Chapter 2). 


Some of the 9,000-year-old Chinese drinks 
had been prepared from millet, and it is 
amazing to find similar traces of millet in 
7,500-year-old Iranian wine. There seems 
to have been a vivid exchange of ideas 
throughout Central Asia. 


For Patrick McGovern, studying wine with all 
its social and economic implications opens a 
door to the old civilizations. 


“Even a good bottle of Merlot or Shiraz, 
enjoyed today, can recreate history, in a sense.” 


Animal-shaped bronze vessel from China, used 
in wine ceremonies. 


The transition from alcohol to vinegar is some- 
thing many of us have observed when an un- 
corked wine or beer bottle was left in a warm 
room. 


Vinegar preparation also goes back a long 
way—it was known to the Sumerians, who 
used palm sap and date syrup as starters, later 
also beer and wine. 


Greeks and Romans found diluted vinegar a 
refreshing drink. In medieval France, vinegar 
was produced using the Orléans method. 


Modern industry prefers quick vinegar pro- 
duction, in which alcohol is oxidized by 
Acetobacter suboxydans using the oxy- 
gen in the air. Vinegar fermentation is not a 
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Box 1.11 Biotech History: The 
Historical Importance of Plant 
and Animal Domestication and 
the Storage of Food 


In his book Guns, Germs, and Steet: A 
Short History of Everybody for the Last 
13,000 years, Professor Jared Diamond 
inquires into the reasons why Europe 
became the cradle of modern societies 
and how Europeans could conquer the 
whole world. 

He gave his kind permission for the 
reprint of this condensed extract about the 
role of farming and preserving food (see 
also Chapter 5, for the role of microbes): 


Europa holding the horn of Zeus (disguised as 
a bull) —Athenian vase found in northern Italy 
(480 BC). 


For most of the time since the ancestors of 
modern humans diverged from the ancestors 
of living great apes, around 7 million years 
ago, all humans on Earth fed themselves 
exclusively by hunting wild animals and 
gathering wild plants, as the Blackfeet still did 
in the 19th century. 


It was only within the last 11,000 years 

that some peoples turned to what is termed 
"food production": і.е., domesticating wild 
animals and plants and eating the resulting 
ivestock and crops. 


Today, most people on Earth consume 

ood that they produced themselves or 
that someone else produced for them. At 
the current rates of change, within the 
next decade the few remaining bands of 
hunter-gatherers will abandon their ways, 
disintegrate, or die out, thereby ending 
our millions of years of commitment to the 
hunter-gatherer lifestyle. 


Different people acquired food production at 
different times in prehistory. 


Some, such as Aboriginal Australians, 
never acquired it at all. Of those who did, 
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some (e.g., the ancient Chinese) developed 
it independently by themselves, while others 
(including ancient Egyptians) acquired 

it from neighbors. But, as we'll see, food 
production was indirectly a prerequisite 
for the development of guns, germs, 
and steel. Hence, geographic variation 
in whether, or when, the peoples of 
different continents became farmers and 
herders explains to a large extent their 
subsequent contrasting fates. 


The first connection (through which food 
production led to all the advantages—the 
author) is the most direct one: availability 
of more consumable calories means 
more people. Among wild plant and animal 
species, only a small minority are edible 

to humans or worth hunting or gathering. 
Most species are useless to us as food, 
for one or more of the following reasons: 
they are indigestible (like bark), poisonous 
(e.g., jellyfish), tedious to prepare (e.g., very 
small nuts), difficult to gather (e.g., larvae 
of most insects), or dangerous to hunt (e.g., 
rhinoceroses). 


Most biomass (living biological matter) on 
land is in the form of wood and leaves, most 
of which we cannot digest. 


By selecting and growing those few 
species of plants and animals that we 
can eat, so that they constitute 0076 rather 
than 0.1% of the biomass on an acre of land, 
we obtain far more edible calories per acre. 
As a result, 1 acre can feed many more 
herders and farmers—typically, 10-100 
times more—than hunter-gatherers. That 
strength of brute numbers was the first of 
many military advantages that food-producing 
tribes gained over hunter-gatherer tribes. 


In human societies possessing domestic 
animals, livestock fed more people in four 
distinct ways: by furnishing meat, milk, and 
fertilizer and by pulling plows. 


First and most directly, domestic animals 
became the societies' major source of 
animal protein, replacing wild game. Today, 
for instance, Americans tend to get most of 
their animal protein from cows, pigs, sheep, 
and chickens, with game such as venison just 
a rare delicacy. 


In addition, some big domestic mammals 
served as sources of milk and of milk 
products such as butter, cheese, and 
yogurt. Milked mammals include the cow, 
sheep, goat, horse, reindeer, water buffalo, 
yak, and Arabian and Bactrian camels. 
Those mammals thereby yield several 
times more calories over their lifetime 
than if they were just slaughtered and 
consumed as meat. 


Big domestic mammals also interacted with 
domestic plants in two ways to increase crop 
production. 


First, as any modern gardener or farmer still 
knows by experience, crop yields can be 
greatly increased by manure applied as 
fertilizer. Even with the modern availability 
of synthetic fertilizers produced by chemical 
factories, the major source of crop fertilizer 
today in most societies is still animal 
manure—especially of cows, but also of yaks 
and sheep. Manure has been valuable, too, 
as a source of fuel for fires in traditional 
societies (even today, see Chapter 5, for the 
‘ole of microbes). 


n addition, the largest domestic mammals 
interacted with domestic plants to increase 
ood production by pulling plows and 
hereby making it possible for people to till 
and that had previously been uneconomical 
or farming. Those plow animals were the 
cow, horse, water buffalo, Bali cattle, and 
yak/cow hybrids. 


Here is one example of their value: the first 
prehistoric farmers of central Europe, the 
inear Pottery culture that arose slightly before 
5,000 BC, was initially confined to soils light 
enough to be tilled by means of hand-held 
digging sticks. Only over 1,000 years later, 
with the introduction of the ox-drawn plow, 
were those farmers able to extend cultivation 
to a much wider range of heavy soils and 
tough sods. 


Similarly, Native American farmers of the 
North American Great Plains grew crops in 
the river valleys but farming of the tough sods 
on the extensive uplands had to await 19th 
century Europeans and their animal-drawn 
plows. 
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Even the EURO shows what we owe to farm animals... 


All those are direct ways in which plant and 
animal domestication led to denser human 
populations by yielding more food than 
did the hunter-gathered lifestyle. A more 
indirect way involved the consequences 

of the sedentary lifestyle enforced by food 
production. 


People of many hunter-gatherer societies 
move frequently in search of wild foods, but 


Ultimate 
factors 


Proximate Horses 
factors 


farmers must remain near their fields 
and orchards. 


The resulting fixed abode contributes to 
denser human populations by permitting 
a shortened birth interval. A hunter-gatherer 
mother who is shifting camp can carry only 
one child, along with her few possessions. She 
cannot afford to bear her next child until the 
previous toddler can walk fast enough to keep 
up with the tribe and not hold it back. 


In Jared Diamond's masterpiece Guns, 
Germs, and Steel, Diamond shows the causal 
connection between factors (such as guns, 


Factors Underlying 
the Broadest Pattern of History 


East/west axis 


Many suitable 


Ease of species 


wild species spreading 


Many domesticated plant 
and animal species 
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food storage 
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Technology 


Oceangoing 
ships organization, 


horses, and diseases) that enabled some nations 
to conquer others, and more distant causes 
(such as the orientation of continental axes). 


For example, diverse epidemic diseases of 
humans evolved in areas with many wild plant 
and animal species suitable for domestication, 
partly because the resulting crops and livestock 
helped feed denser populations in which 
epidemics could maintain themselves, and 
partly because the diseases evolved from germs 
endemic to the domesticated animal population. 


Animals kept for their milk (cows, sheep, 
goats, horses, reindeer, water buffalo, yak, 


Beer, BREAD, AND CHEESE 


Epidemic 
diseases 


and camels) yielded several times more 
calories over their lifetime than if they had 
been just slaughtered for their meat. 


The manure from the animals could be used 
as fertilizers or fuel. 


Early biotechnology products such as beer, 
wine, or vinegar provided safe drinks, while 
cheese and fermented vegetables could be 
safely stored for a longer period of time. 


Diamond’s scheme is illustrated here 
with some details from my favorite 
paintings by the Brueghel family—The 
Author RR 
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Pieter Brueghel (about 1525-1569), usually 
known as Pieter Brueghel the Elder, was the 
greatest Flemish painter of the 1 6th century. 


Jan Brueghel (1568—1625), called the 
“Velvet Brueghel,” was the second son of 
Pieter Bruegel the Elder and known for his 
still lives of flowers and for his landscapes. 


When I was a kid, І collected wooden farm 
animals. 


In practice, nomadic hunter-gatherers spaced 
their children about 4 years apart by means 
of lactational amenorrhea, sexual abstinence, 
infanticide, and abortion. By contrast, 
sedentary people, unconstrained by problems 
of carrying young children on treks, can bear 
and raise as many children as they can feed. 
The birth interval for many farm peoples is 
around 2 years, half that of hunter-gatherers. 
That higher birthrate of food producers, 
together with their ability to feed more people 
per acre, lets them achieve much higher 
population densities than hunter-gatherers. 


A separate consequence of a settled existence 
is that it permits one to store food surpluses, 
since storage would be pointless if one didn’t 
remain nearby to guard the stored food. 


While some nomadic hunter-gatherers may 
occasionally bag more food than they can 
consume in a few days, such a bonanza is of 
little use to them because they cannot protect 
it. But, stored food is essential for feeding 
nonfood-producing specialists, and 
certainly for supporting whole towns of them. 
Hence, nomadic hunter-gatherer societies 
have few or no such full-time specialists, who 
instead first appear in sedentary societies. 


Two types of such specialists are kings and 
bureaucrats. 


Hunter-gatherer societies tend to be relatively 
egalitarian, to lack full-time bureaucrats and 
hereditary chiefs, and to have small-scale 
political organization at the level of the band or 
tribe. That’s because all able-bodied hunter- 
gatherers are obliged to devote much of their 
time to acquiring food. In contrast, once food 
can be stockpiled, a political elite can 
gain control of food produced by others, 
assert the right of taxation, escape the need to 
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eed itself, and engage full-time in political 
activities. Hence, moderate-sized agricultural 
societies are often organized in chiefdoms, and 
kingdoms are confined to large agricultural 
societies. Those complex political units are 
much better able to mount a sustained war 
of conquest than is an egalitarian band of 
hunters. Some hunter-gatherers in especially 
rich environments, such as the Pacific 
orthwest coast of North America and the coast 
of Ecuador, also developed sedentary societies, 
ood storage, and nascent chiefdoms, but they 
did not go farther on the road to kingdoms. 


A stored food surplus built up by taxation 
can support other full-time specialists besides 
kings and bureaucrats. Of most direct 
relevance to wars of conquest, it can be 

used to feed professional soldiers. That was 
the decisive factor in the British Empire’s 
eventual defeat of New Zealand’s well-armed 
indigenous Maori population. While the 
Maori achieved some stunning temporary 
victories, they could not maintain an army 
constantly in the field and they were in the 
end worn down by 18,000 full-time British 
troops. Stored food can also feed priests 
who provide religious justification for wars of 
conquest; artisans such as metalworkers, who 
develop swords, guns, and other technologies; 
and scribes, who preserve far more information 
than can be remembered accurately. 


Pieter Brueghel the Elder is often credited 

as being the first Western painter to paint 
landscapes for their own sake. His earthy, 
unsentimental, vivid depiction of the rituals 

of peasant life including agriculture, hunts, 
meals, festivals, dances, and games are unique 
windows on а vanished folk culture and a prime 
source of evidence about both physical and 
social aspects of 16th century life. 


Of equal importance in wars of conquest 
were the germs that evolved in human 
societies with domestic animals. Infectious 
diseases such as smallpox, measles, and flu 
arose as specialized germs of humans, derived 
by mutations of every similar ancestral germ 
that had infected animals (see Chapter 5). The 
humans, who domesticated animals, were the 
first to fall victim to the newly evolved germs, 
but those humans then evolved substantial 
resistance to the new diseases. When such 
partly immune people came into contact with 


others who had had no previous exposure, the 
population was killed. Germs thus acquired 
ultimately from domestic animals played 
decisive roles in the European conquests of 
Native Americans, Australians, South Africans, 
and Pacific islanders. 


In short, plant and animal domestication 
meant much more food and hence 

much denser human populations. The 
resulting food surpluses, and (in some areas) 
the animal-based means of transporting 

those surpluses, were a prerequisite for the 
development of settled, politically centralized, 
socially stratified, economically complex, 
technologically innovative societies. 


Hence, the availability of domestic 
plants and animals ultimately explains why 
empires, literacy, and steel weapons 
developed earliest in Eurasia and later, 
or not at all, on other continents. 


The military uses of horses and camels, and 
the killing power of animal-derived germs, 
complete the list of major links between food 
production and conquest. ... 


Jared Mason Diamond (born 1937) is an 
American evolutionary biologist, physiologist, 
biogeographer, and nonfiction author. He is best 
known for the Pulitzer Prize-winning book Guns, 
Germs, and Steel (1997). He also received the 
National Medal of Science in 1999. 


He became a professor of physiology at 
UCLA Medical School in 1966. 


While in his twenties, he also developed a 
second, parallel, career in the ecology and 
evolution of New Guinea birds and has since 
led numerous trips to explore New Guinea 
and nearby islands. In his fifties, Diamond 
gradually developed a third career in 
environmental history, becoming a professor 
of geography and of environmental health 
sciences at UCLA, his current position. 


In a later book, Collapse: How Societies 
Choose to Fail or Succeed (2005), Diamond 
examines what caused some of the great 
civilizations of the past to collapse into ruin 
and considers what contemporary society 
can learn from their fates. Hopefully... 


Cited Literature: 

Diamond J (1998) Guns, Germs, and 
Steel. A short history of everybody for the 
last 13,000 years. Vintage, Random House, 
London, pp 210-213 and 214. 


genuine fermentation process because it is not 
anaerobic. 


ш 1.8 Coffee, Cocoa, Vanilla, 
Tobacco — Fermentation for 
Enhanced Pleasure 


Coffee, cocoa, tea, tobacco, and vanilla are 
traditional fermentation products, i.e., they 
have always been modified by microorgan- 
isms or by the plant's own enzymes. In the 
fermentation of coffee, the flesh of the 
coffee cherry is broken down by bacteria 
containing pectin-cleaving enzymes (pecti- 
nases). АП fruit contain pectin as their major 
constituent. 


The flesh of cocoa beans is degraded by 
yeast, producing alcohol, which is further pro- 
cessed by acetic acid-producing bacteria. This 
heatreleasing process is called "sweating" 
and it is crucial for the quality of the cocoa. As 
the seeds die, polyphenols develop and lend 
their flavor to the cocoa. The bitter tannins 
are broken down and the rich brown color 
develops. Eventually, the seeds are roasted 
(Fig. 1.25). 


Vanilla pods (Vanilla planifolia) are the fruit 
of orchids and owe their flavor to the action of 
enzymes. They are harvested unripe and dried 
in the sun, which gives them their typical dark 
brown color. The glycosides contained in the 
pods are turned into vanillin through enzy- 
matic activity. 


Tea leaves are left to wilt for 24h before 
they are rolled up in order to crush the cells. 
The sap is spread over the leaf surfaces, and 
through the action of oxidizing plant enzymes, 
bacteria, and yeasts, the typical taste and smell 
of tea develops (Fig. 1.27). 


The taste and smell are due to organic com- 
pounds in the leaves called polyphenols. As 
they develop, the color of the leaves changes, 
starting from the edges and progressing to- 
wards the middle. The leaves, once green, 
turn copper-colored and then brown or purple. 
The tea drunk in the Western world is mostly 
fully fermented black tea. 


Green tea marks the other end of the spec- 
trum, i.e., nonfermented tea. In between, 
there are half or partially fermented teas such 
as oolong, yellow tea, or lightly fermented 


Fig. 1.24 Sausage preservation through lactic 
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Fig. 1.21 Comparison of respiration and fermentation of a glucose molecule by yeast cells. 


Fig. 1.22 Sauerkraut as a vitamin source 


in winter (drawing by the famous 19th- Fig. 123 Genuine aceto. 
century German poet and cartoonist balsamico or balsamic vinegar 
Wilhelm Busch). originates from Modena, Italy. 


Fig. 1.25 Cocoa fruits grow on the stem of the cocoa 
tree (Theobroma cacao) and take 9 months to ripen. 
Theobroma is Greek for "food of the Gods." 


29 


ЕЕЕ] BIOTECHNOLOGY FOR BEGINNERS 


Fig. 1.26 Vanilla (Vanilla 
planifolia), an orchid, produces 
its flavor after fermentation. 


Fig. 1.27 Tea fermentation in 
China. 


Fig. 1.28 Tobacco (Nicotiana 
tabacum). 
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white tea. When processing the various kinds of tea, the 
tea master must choose the right moment to stop the 
fermentation process. If it is stopped too early, the aroma 
will not develop, and the result is an insipid brew. If it is 
left too late, the tea is “burnt” and tastes bitter. 


Similar enzymatic and microbial activity is involved 
in tobacco production (Fig. 1.28). Tobacco for cigars 
usually undergoes a natural fermentation process where 
cured (predried) leaves are tied into bundles or “hands” 
and stacked into piles, which heat up to 122°C in 
the fermentation process and need to be turned regu- 
larly. The fermentation process is allowed to go on for 
3-4 months to ensure a longer shelf life and enhance the 
coloring of the tobacco leaves. 


While food fermentation may have been discovered 
by chance, its advantages—longer storage life, better 
digestibility, richer flavors, and the inebriating proper- 
ties of alcohol—were so obvious that most civilizations 
adopted some fermentation process in their very early 
stages. Fermentation can thus be considered as a way of 
enhancing the quality of food. 


The first human settlers knew only two ways of preserv- 
ing food—drying and pickling in salt. The latter was 
often in short supply and very precious. 


The introduction of fermentation, therefore, gave rise 
to the production of a wider and tastier variety of food 
while at the same time reducing the risk of food 
poisoning. 


While in modern industrialized societies, fermented 
food is mainly produced for taste and enjoyment, it 
remains an invaluable food-processing technology in 
developing countries where one-third of all food is 
lost through decay. Compared to refrigeration, chemical 
preservation, or freeze-drying, fermentation is cheap, 
does not require expensive machinery, and results 
in a widely accepted product. On top of that, it is an 
industry that provides jobs. 


B 1.9 An Alliance of Molds and Bacteria in 
Cheese Production 


Milk, with its richness in nutrients, vitamins, and miner- 
als, has always been a major food source for the agrarian 
population. Jared Diamond, a professor in physiology 
and best-selling author, maintains that cattle breeding 
marks a watershed in the development of civilizations 
across the continents. Animals suitable for domes- 
tication were found only in Eurasia, where agriculture 
took off in leaps and bounds due to the breeding of cows, 
goats, pigs, and above all, the use of oxen to pull plows. 


Horses provided the means of speedy transport. By con- 
trast, the only animals domesticated in America were 
llamas and alpacas (Fig. 1.31), and not a single animal 
was domesticated in Australia. 


Domestic animals provided milk, meat, and manure 
and pulled the plow (Box 1.11). 


Milk-producing animals such as cows, sheep, goats, 
horses, reindeer, water buffalo, yaks, or camels pro- 
duced their body weight in protein several times 
over during their lifetime. The milk they produced 
was preserved through lactate fermentation. 


The filtered solid components of sour milk, curds, were 
processed into a more storable product, i.e., cheese. 


Humans very soon discovered that cheese preparation 
(Box 1.7) is more successful if a compound from the 
stomachs of suckling calves, rennet, is added. Rennet or 
rennin is an enzyme that curdles the milk protein casein 
. In the process, the solid components in milk coagulate 
more quickly and become firmer than they would if milk 
is just left to stand. Milk usually curdles within 30 min 
and solidifies as casein precipitates and coagulates. Once 
the liquid part or whey has been separated, salt is added 
to the resulting curd, which is then cut into portions. 


Soft cheeses, such as Camembert or Brie, have mold 
growing on the surface of the cheese mass, which is of- 
ten specific to a certain location, e.g., the Camembert 
or the Roquefort mold fungus. This is reflected in the 
names of the cheeses. 


Hard cheeses such as Swiss Emmental are hard- 
ened in a cheese press and they keep better than soft 
cheese. Specific molds are added to the cheese mixture. 
These grow not only on the surface, but also within the 
cheese, as long as there is a good supply of air. Thin aer- 
ation canals are made with skewers, and in the mature 
cheese, the fungal lawn can be seen growing along these 
channels. 


Some hard cheeses owe their particular flavor and their 
holes to the propionic acid bacteria that ferment sugar 
to propionic acid, acetic acid, and СО» The red smeary 
layer on top of some cheeses like Munster, Limburg, 
or Romadur is due to bacteria living on the surface of 
the cheese. 


Mold fungi can be seen with the naked eye. In con- 
trast to yeasts, they are multicellular organisms. What 
we usually see are the spore carriers or fruit of the fungi, 
just like the mushrooms that grow in woodlands. 


The actual body of the fungus is not eye-catching at all 
but consists of long thread-like structures called the my- 
celium. The mycelium sprouts spore carriers or spo- 
rangia that form thousands of spores to be carried by 
the wind or washed away by rainwater. The spores will 
germinate on a substrate rich in nutrient and form new 
mycelia. 


Some cheese molds with sporangia in the shape of lit- 
tle brushes are aptly named Penicillium (from Latin, 
meaning little brush). 


Pasteur and the Germs 


Omne vivum ex vivo. (All life comes from 
life) Louis Pasteur 1860 


Other molds (Aspergillus) grow on bread and jam. 


In contrast to the harmless molds used in cheese prepa- 
ration, molds such as Aspergillus flavus, can form 
aflatoxins, which are then transformed in the liver into 
active toxins due to oxygenation by the cytochrome 
P-450 enzyme system, and they cause liver cancer (see 
Chapter 4). 


E 1.10 Sake and Soy Sauce 


Mold fungi and their enzymes have been used for cen- 
turies in East Asia (Japan, China, and Korea) to prepare 
protein-rich soybeans and rice for further processing 
by alcoholic or lactic fermentation. 


The enzymes involved are starch-degrading amylases 
and protein-degrading proteases. The preparation of 
soy sauce (shoyu) is a well-known example (Box 1.8). 
About 2.6gal per person per year are produced and 
consumed in Japan. It is made from a mixture of soy 
and wheat, inoculated with A. oryzae or A. soyae. 
The fungal enzymes cleave the soybean protein and 
the starch molecules of the wheat, and large amounts 
of salt are added to prevent spoilage. Over a period of 
8-10 months, yeasts and Pediococcus bacteria develop 
and finish off the fermentation process. The soy sauce is 
ready to be filtered (Fig. 1.29). 


Rice wine (sake) is produced in a similar way 
Fig. 1.30). First, the rice starch is degraded into fer- 
mentable sugars, which is done by enzymes (amylases) 
released by the fungi. The sugars are then fermented 
into alcohol by Saccharomyces strains. Sake contains 
about 20vol?6 (40 proof) alcohol—not a trivial mat- 
ter, keeping in mind that many Asians slightly differ 
rom Caucasians in their genetic makeup of liver en- 
zymes. They carry a molecular variant (isoenzyme) 
of acetaldehyde dehydrogenase, which breaks down 
the acetaldehyde resulting from alcohol degradation 
Fig. 1.13) more slowly than the Caucasian isoenzyme. 
As a result, in Asians, smaller quantities of alcohol have 
the same intoxicating effect as larger quantities drunk 
by Caucasians. This may be very economical, but the 
hangover is worse! 


ш 1.11 What Exactly Is Fermentation? 


All methods described so far have been used by hu- 
mans for over thousands of years. The knowledge was 
passed on from generation to generation. What was less 
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Clear, though, was the process of fermentation itself, 
what causes it, and how it develops. Louis Pasteur 
(1822-1895) was the first person to shed some light 
on this matter and he laid the foundation for the con- 
trolled industrial application of microbial fermentation. 
He is rightly considered one of the fathers of modern 
biotechnology (Box 1.12 and Fig. 1.32). 


Alcoholic fermentation is the result of yeasts degrading 
sugars into alcohol and carbon dioxide in an anaero- 
bic environment. Yeasts can function by respiration 
or fermentation, depending on the availability of air. 
Fermentation, however, produces far less energy 
than respiration, and the reproduction rate slows 
down accordingly to just 576 of the aerobic reproduction 
rate (Fig. 1.33). 


It is a distress reaction that humans can bring about 
for alcohol or bread (CO2) production. In order to 
survive, yeasts must process much more sugar during 
fermentation, i.e., to increase their alcohol and CO; 
production. Necessity is the mother of invention. 


Fig. 1.29 Chinese and Japanese 
scripts use a single sign for 
fungi and bacteria. The sign 
shows an ear of grain on which 
plants grow—an apt description 
of rice fermentation! 


Fig. 1.30 Sake fermentation, 
as shown in a cartoon from 
Professor Shimizu' s student 
days (University of Kyoto). 


Fig. 1.31 Domestic animals 
(lamas and cattle) have their 
place in the history of Latin 
America. 


Fig. 1.32 French bank note 
featuring vaccination and 
fermentation by Louis Pasteur. 


Fig. 1.33 /n 1516, Duke William 
IV of Bavaria (1493-1550) 
established what became 
known as the purity 
requirements. Bottom: facsimile 
of the document. 


31 


———— BIOTECHNOLOGY FOR BEGINNERS 


Box 1.12 Biotech History: 
Pasteur, Liebig, and Traube or 
What Is Fermentation? 


After Leeuwenhoek’s discoveries, it took 
nearly 200 years until microbes grabbed the 
limelight again. By the middle of the 19th 
century, large industrial complexes had 
developed throughout Europe, and alcohol 
was also produced on an industrial scale 
rather than in small, family-run companies. 
Accurate and detailed knowledge about the 
fermentation process was needed if one was 
to avoid costly failures. 


Louis Pasteur 
(1822-1895), 
founding father of 
microbiology and 
biotechnology, in 
his laboratory. 


In 1856 in the French city of Lille, a certain 
Monsieur Bigo, owner of an alcohol distillery, 
came to see Louis Pasteur (1822-1895), 
professor of chemistry. 


His son was a student of Pasteur's. What troubled 
Bigo was the strange disease that had affected 
many of his fermentation vessels. Instead of 
turning sugar beet juice into alcohol, they 
produced some sour-smelling, slimy gray liquid. 


Pasteur took his microscope with him and 
went to the distillery. He took samples from 
disease-stricken vessels as well as unaffected 
containers. The healthy samples contained 
small, yellow blobs of yeast that stuck together 
ike grapes. They produced side shoots much 
ike germinating grain, so they must be alive 
and could be responsible for the transformation 
of sugar into alcohol. Then, he investigated the 
slimy mass and could not find any yeast at all. 
Instead, he discovered small gray dots, each of 
which contained a tangle of oscillating rods— 
millions of them. The acidic substance these rods 
seemed to produce turned out to be lactic acid. 


Pasteur added a few drops of rod- 
contaminated liquid to a flask containing a 
clear yeast-and-sugar solution. After a short 
while, here, too, all yeasts had disappeared, 
and the rods had taken over. Again, lactic acid 
was produced instead of alcohol. 


The rods were named bacteria, after their shape— 
the Greek word bakterion meaning rod. It would 
appear that bacteria turned sugar into lactic acid 
through fermentation, while yeasts turned sugar 
into alcohol and a gas, carbon dioxide. 


Soon after his discovery of lactic acid bacteria, 
the vintners of his hometown, Arbois, 
urned to Louis Pasteur for help. They, too, had 
trouble with the alcoholic fermentation 
process. Even the juice of their best grapes 
urned thick, oily, and bitter. Again, Pasteur 


found bacteria instead of yeast in the spoiled 
wine, but this time, they formed chains. 
During his thorough investigations, Pasteur 
encountered a wide range of bacteria that could 
spoil wine. Eventually, he was able to predict 
the taste of the wine sample without even 
tasting it, which perplexed the vintners. 


All he did was look through the microscope 
and identify the species of yeast or bacteria. He 
also found out that heating the wine briefly 
was enough to kill off any unwanted bacteria. 


The same technique was also effective in 
preventing milk from going sour. In honor of 
its inventor, this way of killing off the majority 
of microorganisms was called pasteurization. 


Pasteur was not the only one looking for the 
actual cause of the fermentation process. In 
1810, Joseph Louis Gay-Lussac (1778— 
1850) had shown that when grape juice is 
fermented, sugar (glucose) is transformed into 
ethanol and carbon dioxide. In the middle of 
the 19th century, the eminent German chemist 
Justus von Liebig (1803-1873) developed 
his own theory, claiming that the production 
of alcohol was a purely chemical and not 
a biological process. Liebig found the idea 
of microscopic creatures being the cause of 
fermentation simply ludicrous. In his opinion, 
vibrations emanating from the degradation 

of organic matter would spread to the sugar 
and turn it into CO; and alcohol. However, it 
was found that yeast, a living organism, was 
involved in all alcoholic fermentation. 


Louis Pasteur, then at the beginning of his 
scientific career, began a dispute with Justus 
von Liebig, an international authority, 
insisting that "there is no alcohol production 
without living yeasts." 


Liebig retorted that "Those who believe that 
animalcules are the cause of fermentation 
esemble children who think the water in the 
iver Rhine is caused to flow by the turning 
wheels of the water mills on its banks." They 
remained entrenched in their positions for 
years, and the dispute only came to a close 
after both protagonists had died. 


In 1876, Pasteur published the results of two 
decades of research in a substantial volume 
in which he stated that “fermentation is 
respiration without oxygen," stimulating 
organisms to produce energy. All organisms 
obtain the energy they need to stay alive 
from their metabolism, mostly through the 
breakdown of sugars, fats, and proteins inside 
their cells. Sugar, e.g., is turned into carbon 
dioxide and water. These are released from 
the cell, while the energy liberated in the 
process enables the body to move its muscles, 
or example. This cold combustion process 
equires oxygen from the air just as hot 
combustion does when turning wood into 
ashes. Highly developed animals and plants 
cannot produce energy without access to 


oxygen. 


Justus von Liebig (1803-1873), the most 

eminent chemist of the 19th century, in his 
laboratory in Gießen, Germany. 

Some microorganisms, by contrast, can fall 
back on a kind of emergency respiration 

when oxygen is in short supply—the 
fermentation process. Fermentation probably 
has its origins in the beginnings of life when 
there was no oxygen in the Earth's atmosphere. 
Oxygen was only released by plants as a 
cleavage product of water, and before there was 
enough to go around, fermentation was just the 
normal way of energy production in microbes. 


Moritz Traube (1826-1894). 

Was Pasteur right in claiming that 
fermentation was not possible without 
microbes? Moritz Traube (1826-1894), 

a student of Liebig's, predicted already in 
1858 that fermentation was not necessarily 
the result of yeast activity, but of chemical 
processes catalyzed by oxidizing and reducing 
“ferments,” or enzymes, as they were 
called later. Traube was the first to characterize 
enzymes as proteins acting as catalysts, i.e., 

as defined chemical compounds within an 
organism that, by their successive oxidation 
and reduction, are able to cause oxidation and 
reduction inside as well as outside living cells. 


He went on to classify enzymes according to their 
reactive type and he established that for a reaction 
to take place, direct molecular contact between 
enzyme and substrate was a prerequisite. 


What has not been mentioned in the 
biochemical history books is that he was 
also thinking about the qualitative aspect of 
reaction kinetics and he was the first to link 
reaction time to enzyme quantity. 


It was not until 1897 that Eduard Buchner 
(1860—1917) carried out an experiment that 
clinched the argument in the dispute between 
Liebig and Pasteur (see Chapter 2). 
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Wikipedia, the Free Encyclopedia. For example, wine: http://en.wikipedia.org/wiki/Wine 
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Beer, BREAD, AND CHEESE 


8 Self-Test Questions 


What are the differences between 
prokaryotes and eukaryotes (name at least 
three criteria)? 


2. In what way did alcohol nurture 
civilization? Who invented wine? 


3. What are the biochemical reasons for the 
high productivity of fermentation within a 
short space of time? 


4. In what way do bacteria differ from 
yeasts? Give two examples for each of 
the two types of organisms and their 
applications. 


5. What food products owe their existence 
to fermentation? 


6. Why does alcohol inhibit the growth of 
bacteria? 


7. Given the choice, would yeasts produce 
alcohol? 


8. What was Justus von Liebig’s position in 
the debate about fermentation, and what 
was the position of Pasteur? Who was 
proved right eventually? 


Chance favors 
the prepared 


Louis Pasteur, father of microbiology (1822-1895). 
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LIFE DEPENDS UTTERLY 
ON THE VIRTUOSO ABILITY 
OF ENZYMES 

TO CATALYZE 
BIOCHEMICAL REACTIONS 
IN A VERY FUSSY WAY. 


Richard Dawkins (2004) 
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Fig. 2.1 In 1926, James B. 
Sumner (1887-1955) of Cornell 
University was the first to 
extract crystalline urease from 
jack beans and demonstrate 
that it had protein properties. 


Fig. 2.2 John H. Northrop 
(1891-1975) succeeded in 
crystallizing the digestive 
enzymes trypsin and pepsin 
between 1930 and 1933. 

He also demonstrated that 
they consisted exclusively 
of proteins. Only after these 
findings did the science 
community accept Sumner’ s 
result, and both were awarded 
the Nobel Prize in 1946. 


Fig. 2.3 Otto Heinrich Warburg 
(1883-1970) discovered the 
cofactor nicotinamide adenine 
dinucleotide (NAD) and 
respiratory enzymes containing 
iron, such as cytochrome 
oxidase (see Fig. 1.14). He was 
awarded the Nobel Prize in 
1941. 
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B 2.1 Enzymes Are High-Performing and 
Highly Specific Biocatalysts 


Nearly all chemical reactions within living cells are cata- 
lyzed and controlled by enzymes. 


More than 3,000 different enzymes have been de- 
scribed in detail up to now. The total number of en- 
zymes found in nature is estimated at around 10,000. 
Their presence in a cell varies in quantity from just a few 
molecules to 1,000 or even 100,000 molecules. All en- 
zymes act as biological catalysts—turning substances 
into other products without undergoing any change 
themselves. 


Due to enzymes, chemical reactions reach their equilib- 
rium much faster and may be sped up by a factor of 
up to 10’. It is the activity of enzymes that makes life 
possible at all. Turning sugar into alcohol and carbon 
dioxide is a matter of seconds for the enzymes in yeast 
cells, but without them, it would take hundreds of years 
and be virtually impossible. Enzymes are highly effec- 
tive, high-performing biocatalysts. 


In cells ranging in size between a tenth and a thou- 
sandth of a millimeter, thousands of coordinated enzy- 
matic reactions take place every second (see Figs. 4.5 
and 4.6 in Chapter 4). 


This can only work because each of the molecular cat- 
alysts involved recognizes its specific substrate among 
thousands of other compounds within a cell and turns it 
into a specific product. This process, called biocatalysis, 
takes place in the active site of the enzyme. 


Nearly all biological catalysts are proteins. However, 
RNA (ribonucleic acid) can also act as a biocatalyst 
see Chapter 3). These ribozymes often break down 
other RNA molecules. RNA can also be used to build 
artificial aptamers that bind to designated compounds 
see Chapter 10). Short RNA molecules also are key 
players in the revolutionary CRISPR/cas9 tool for “scar- 
less” genetic engineering. 


As early as 1894, the German chemist Emil Fischer 
1852-1919), who was later awarded the Nobel Prize 
Fig. 2.4), postulated that enzymes recognize their sub- 
strates on a lock-and-key principle. If the active site 
of an enzyme lies in a dimple (cavity, crevice) on the 
molecule's surface, the substrate molecule must fit ac- 
curately, just like a key into its lock. Even slightly modi- 
fied molecules will no longer interact with the enzyme. 
Lock-and-key is a viable preliminary explanation for the 
high substrate specificity of enzymes. It also explains 
why the shape of competing enzyme inhibitors (е.р., 
penicillin) strongly resembles that of the original sub- 
strate. Like a skeleton key, they block the active site of 
an enzyme (competitive inhibition), thus preventing 
the substrate from locking on. 


A simple biochemical experiment (Box 2.1) illustrates 
the specificity of enzymes. It is easy to see why en- 
zymes such as glucose oxidase (GOD) (Fig. 2.5) must 
be highly substrate-specific so as not to upset the 
finely tuned cellular mechanisms—this is a high-security 
level. 


By contrast, extracellular enzymes such as 
protein-cleaving (proteases) or starch-degrading en- 
zymes (amylases) are far less specific because it would 
be uneconomical to deploy a specific enzyme for each 
type of protein or polysaccharide to be degraded. 


Let us focus on two extracellular proteases secreted 
by cells into their surroundings: 


e The enzyme trypsin has the ability to break down all 
proteins found in a pig or human stomach into smaller 
fragments. Although it has low substrate specificity, its 
action specificity is high, as it cleaves protein compounds 
precisely at the binding sites of certain defined amino ac- 
ids (at the carboxyl side of lysine or arginine residues in 
the peptide chain). This makes trypsin a suitable tool for 
specific syntheses, such as the transformation of pig insulin 
into human insulin (see Chapter 3). 


e Subtilisin is an enzyme produced by microbes, which 
hardly differentiates at all between the side chains of 
amino acids next to which it cuts a peptide bond. It has 
a broad substrate and action specificity. Subtilisin 
is released by Bacillus subtilis into a medium where it 
breaks down proteins into small fragments. Its biochem- 
ical shredder qualities make it a suitable candidate for 
technical applications, e.g., use in biological detergents 
(Fig. 2.17 and Box 2.9). 


Enzymes have been universally classified and named 
(Box 2.3) in the IUPAC enzyme nomenclature on the 
basis of their action specificity. 


E 2.2 Lysozyme — The First Enzyme to be 
Understood in Structure and Function 
Down to Minute Molecular Detail 


The first enzyme to be analyzed in its spatial struc- 
ture was lysozyme. Its properties have been explored 
right down to the smallest atom. It was discovered by 
Alexander Fleming some years before he discovered 
penicillin (Box 2.4). 


Lysozyme provided an excellent model for studying in- 
teractions between enzymes and substrates. The 
lock-and-key model had its merits but proved to be too 
rigid to describe the dynamic and flexible structure of 
proteins. 


In 1958, 60years after the Fischer postulate, Daniel 
Koshland (1920-2007) could confirm his new "in- 
duced fit" theory on the lysozyme model. 


Box 2.1 Glucose Oxidase (GOD) — Highly 
Specific Recognition and Conversion of 
Sugar 


A test tube contains a mix of carbohydrates—glucose, 
fructose, saccharose, maltose, and starch. 


We now add the enzyme GOD to the mixture and give it 
some time to act. 


Subsequent chemical analysis shows that the glucose 
has all but disappeared and has been replaced by a 
new compound, gluconolactone, an oxidation product 
of glucose. All other carbohydrates, however, remain 
unchanged. 


Apparently, the glucose has been converted into 
gluconolactone by GOD. Thus, glucose is the substrate 
of GOD and gluconolactone is the oxidation product of 
the enzymatic reaction. f-p-glucose has been singled out 
by GOD as a suitable substrate from among five different 
carbohydrates. 


Not even a-p-glucose has been recognized and is thus not 
converted. p-p-glucose is characterized by the position 

of the hydroxyl group (-OH) on the С, atom above the 
ring plane, while in o-p-glucose, the hydroxyl group is 
positioned on the C; atom below the ring plane. Alongside 
glucose conversion, a second reaction takes place, involving 
oxygen as a substrate. It is reduced, producing hydrogen 
peroxide (H202). 


Maltose, saccharose, and starch molecules are too big to fit 
into the GOD “keyhole.” 


Fructose may be small enough, but it does not fit accurately 
and is thus not converted by the enzyme. The only precise 
fit is B-p-glucose. 


He argued that substrate and enzyme were like hand- 
in-glove rather than key-in-lock. A hand can move, 
and a glove can be deformed, and hand (substrate) 
and glove (enzyme) affect one another. A glove is more 
than a three-dimensional negative print of the hand—it 
could also be a mitten. Only through the hand sliding 
into it can the exact fit be realized (Fig. 2.6 and p. 68). 


Following active interaction and an intermediate 
state, enzyme and substrate fit perfectly. The enzymes 
bind not to the original configuration but the intermedi- 
ate state of the substrate in their active site (Figs. 2.10 
and 2.11). 


In the first state of euphoria, it was assumed that the ly- 
sozyme model could be applied to all enzymes and that 
the substrate was always shaped by the enzyme. 


Mix of various sugars 


Ó OO 


Fructose Sucrose Maltose 


Starch 


Glucose oxidase 


v 


» 


В-р-Сіисоѕе 


ae 


Gluconolactone 


Catalysis within the 
enzyme-substrate complex 


However, the reasons for the high catalytic performance of 
enzymes have proved to be far more complex (Box 2.5). 


Due to their protein structure, enzymes have crevices 
or cavities which enable them to bind rapidly to the 
relevant substrate. Their active sites contain clusters of 
highly reactive chemical groups (proximity effect). 


Electrical charges “lure” the substrate to the center in 
what has been somewhat poetically described as the 
Circe effect. In a matter of seconds, the conversion pro- 
cess is completed, and the enzyme is back to its original 
state, able to convert further substrate molecules. 


Compact arrangement and concerted action of the re- 
active groups in the active site of the enzyme molecule 
help reduce the activation energy needed to trigger a 


Enzymes M 


Fig. 2.4 Lock-and-key: Nobel 
Prize winner Emil Fischer 
(1852-1919) postulated that 
enzymes and substrates 
work on a lock-and-key 
principle, which explains the 
complementary properties of 
both reagents. 


Fig. 2.5 Spatial structure of 
glucose oxidase (GOD). GOD 
is a dimeric molecule, an 
oxidoreductase that has been 
used with great success in 
biosensors to measure blood 
sugar levels in diabetics (see 
Chapter 10). The prosthetic 
group in the active site of GOD, 
flavin adenine dinucleotide 
(FAD), is shown in pink. 


Fig. 2.6 Hexokinase, the first 
enzyme involved in glucose 
breakdown in a cell, Shows 

a change in its conformation 
(below) after binding glucose. 
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Box 2.2 Biotech History: The 
Discovery of Enzymes 


Enzyme reactions have been observed and 
utilized since the dawn of mankind. 


Homer describes how milk curdles when fig 
juice is added (Fig. 2.7). Rennet from calves’ 
stomachs was used in cheese preparation, 
and game that had been shot always had to 
hang for a while to make it palatable. Serious 
research into enzymes, however, only began 
at the end of the 18th century. 


The degradation of any kind of compound due 
to the action of another was generally described 
as fermentation. In 1780, the Italian scientist 
Lazzaro Spallanzani (1729-1799) agreed 
with the Frenchman Antoine Ferchault de 
Réaumur (1683-1757), inventor of the first 
temperature scale, that the digestive juices in 
the stomachs of birds turned meat into liquid. 


In the early 19th century, it was generally 
assumed that fermentation is a chemical 
change brought about by a particular 
compound which was dubbed a ferment. 


In 1814, a member of the St. Petersburg 
Academy of Science, the German Gottlieb 
Sigismund Constantin Kirchhoff (1764— 
1833) showed that germinating grain contains 
a substance that converts starch into sugar. 


Anselme Payen (1795—1871), director of a 
Paris sugar factory who later was to discover 
cellulose, and his colleague Jean Francois 
Persoz (1805—1868) isolated what they 
called a starch-liquefying principle from 
germinated barley, observing some properties 
that are now established to hold for all 
enzymes. Comparatively small amounts of the 
preparation were able to turn large quantities 
of starch into liquid. However, this ability 
was lost when exposed to heat. The active 
compound was separated from the solution as 
a powder. When rediluted in water, it became 
active again. The described compound was 
named diastase (Greek diastasis, separation) 
and was the first plant enzyme to be purified 
and studied in a laboratory. 


Three years later, Theodor Schwann (1810— 
1882), cofounder of cytology, successfully 
isolated pure pepsin, an animal digestive 
juice enzyme, to study it. 


The great Swedish chemist, Jons Jakob 
Berzelius (1779-1848) was ahead of his 
time when he stated that fermentation must 
involve catalytic processes (Greek katalysis, 
decay). He defined catalysts as bodies that, by 
their mere presence, induce chemical activity 
that could not take place without them. 
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Lazzaro 
Spallanzani 


Antoine Ferchault 
de Réaumur 


Jöns Jakob 
Berzelius 
conjectured 

in 1836 that 
thousands 

of catalytic 
processes took 
place in every 
living organism. 


Moritz Traube 
predicted in 1858 
that “ferments” 
are catalytic 
proteins (see 
Box 1.12). 


Friedrich Wöhler 


In 1836, he wrote with quasi-prophetic 
insight: 


We have reason to assume that in living plants 
and animals, thousands of catalytic processes 
take place among their tissues and fluids. 


Other discoveries, however, muddied the 
waters a bit, and the term “ferment” led to 
some confusion when Theodor Schwann 
(1810—1882) found that rot, which is a 
decaying process of organic material and 
thus a fermentation process, is caused by 
microorganisms. This led to the distinction 
between two categories of fermentation, one 
caused by "genuine organized ferments" 
such as yeasts and other microorganisms and 
another caused by “nonorganized soluble 
ferments" (e.g., diastase). It was thought 
that the nonorganized ferments could be 
separated from vital processes. Wilhelm 
Friedrich Kühne (1837-1900) suggested 
the name enzymes for this type of ferment 
in order to avoid misunderstandings or the 
need for long-winded explanations. The name 
"enzyme" was introduced in 1878. 


Organized ferments were one of the last 
bastions of vitalism, a concept that put the force 
of life, a God-given vis vitalis, at the heart of 

all life. It had first been thought that organic 
compounds could not be produced in the 
laboratory because they contain the force of life. 


The latter hypothesis was proven wrong when 
Friedrich Wóhler (1800-1882) managed to 
synthesize urea from inorganic matter. 


He wrote to Berzelius: ^I can no longer, 

so to speak, hold my chemical water and 
must tell you that I can make urea without 
needing a kidney, whether of man or dog; the 
ammonium salt of cyanic acid is urea." 


It was not until 1897 that Eduard Buchner 
(1860—1917) carried out the experiment that 
clinched the argument between Liebig and 
Pasteur. He wanted to find out if fermentation 
was possible without the involvement of 
living cells, crushing yeast with a pestle and 
adding quartz and kieselguhr to the large 
mortar. The resulting mass was wrapped in 
strong canvas and squashed in a hydraulic 
press. The runoff, which did not contain any 
cells, but all the chemicals found in yeast, 
Was added to the concentrated sugar solution 
and left to stand overnight. It did not take 
long for vigorous fermentation to set in, and 
carbon dioxide was produced! 


For the first time, it was possible to observe 
alcoholic fermentation in the absence of living 
yeast cells. This groundbreaking discovery of 
the enzyme zymase earned Eduard Buchner 
the Nobel Prize for Chemistry in 1907. 


Wilhelm Friedrich Kühne 
coined the term "enzymes" 
for what was hitherto 
known as “nonorganized 
ferments" in 1878. 


Eduard Buchner, 
Nobel Prize for 
Chemistry in 1907. 


Two years after the death of Pasteur, he had shown that 
fermentation is possible in the absence of living cells. 


Pasteur and Liebig—both of them were right in 
their own way. Fermentation is caused by microbes, 
but it is the enzymes they contain that are actually 
responsible for the chemical conversions. Enzymes can 
produce the same results in vitro, i.e., outside living cells. 


James B. Sumner, in spite of having lost one arm, was a very 
skillful experimenter. He succeeded in crystallizing urease. 


The next finding was truly sensational: Enzymes can be 
crystallized. In 1926, James B. Sumner (1887-1955) 
of Cornell University was the first to extract crystalline 
urease from jack beans and demonstrate that it had 
protein properties (Fig. 2.1). 


Between 1930 and 1933, John H. Northrop 
(1891-1975, Fig. 2.2) of the Rockefeller Institute for 
Medical Research in New York City crystallized digestive 
enzymes, and after a long debate, it was established that 
enzymes were proteins. 


Sumner and Northrop were jointly awarded the Nobel 
Prize for Chemistry in 1946. 


chemical reaction (free activation enthalpy). Compared 
to the energy required in the absence of an enzyme, it is 
a substantial reduction. 


By enabling metabolites to go through transitory stages, 
enzymes help establish an equilibrium of reactions at a 
much faster rate (Box 2.5). 


A 3D image of lysozyme shows very clearly the ac- 
tivity of the groups and forces involved in shaping the 
structure of an active site (Figs. 2.92.11). 


The molecule is stabilized through various amino acid 
side groups, arranged in the peptide chain to stick out 
in all directions like the bristles of a bottle brush. This 
facilitates interaction between them, should the chain 
curl or tangle. 


The molecule owes further stability to the sta- 
ble chemical bonds that form between adjacent 
sulfur-containing side groups (S-H) of two cysteine 
building blocks. The resulting four disulfide bridges 
(S-S) provide the main support for the 3D structure 
of the lysozyme. 


Disulfide bonds in proteins can be destabilized by 
heavy metal ions, which accounts for their toxic- 
ity. They act on enzymes through noncompetitive 
inhibition. 


In a watery medium, the spherical organization of the 
enzyme molecule (Figs. 2.8 and 2.10) is stabilized by 
polar and nonpolar amino acid side groups. While the 
polar groups are hydrophilic (literally: water-friendly) 
and arranged on the outside where they are in contact 
with water, the nonpolar side groups [Еір. 2.10—which 
are hydrophobic (literally: afraid of water)] turn inward 
to avoid contact with water. They hold the molecule to- 
gether in much the same way as drops of oil stabilize 
in water. 


Apart from the interaction between side groups, loose 
hydrogen bonds develop between neighboring oxy- 
gen and hydrogen atoms in the backbone of the various 
amino acids. 


B 2.3 The Role of Cofactors in Complex 
Enzymes 


Not all enzymes consist exclusively of protein, as does 
lysozyme. Many include additional chemical compo- 
nents or cofactors which serve as tools. Such enzymes 
are known as qualified enzymes and have more compli- 
cated reaction mechanisms. 


Cofactors can consist of one or more inorganic ions 
(such as Fe?*, Mg?*, Mn?*, or Zn?*) or more complex 
organic molecules, known as coenzymes. Some en- 
zymes require both types of cofactors. 


Enzymes  EENEEEN 


Fig. 2.7 Homer (top) described 
how milk curdles when fig juice 
is added. Figure (middle) juice 
contains the protease ficin. 
Theodor Schwann was the first 
person to isolate the first pure 
animal enzyme, pepsin. 


Jóns Jacob Berzelius (1836) 


"The catalytic force actually 
appears to consist in the ability 

of substances to arouse the 
affinities dormant. . .by their mere 
presence and not by their affinity 
and so as a result in a compound 
substance the elements become 
arranged in another way —such 
that a greater electrochemical 
neutralization is brought about." 
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Box 2.3 The Six Enzyme Classes 


Enzyme Class and Working Principle Reaction Examples Molecular Structure 


Oxidized Ethanol + NAD + 


Р ж ADH 
x i б Q султа» Acetaldehyde + NADH +H* 


С 98 Фә В-о-Сіисоѕе + О, 
—SOD -,& Gluconolactone + H,0, 


EC 1.1.3.4 Glucose-Oxidase 
Oxidoreductases Oxidation and Reduction 


Creatin + ATP 
Creatin-Kinase, 


7Ec2752 > Creatine-Phosphate + ADP 


p-Glucose + ATP 


eiie ADP + Glucose-6-Phoshpate 
EC 2.7.1.1 


Transfer of groups = 
Transferases Hexokinase 


Saccharose + HO 

—— D-Glucose + p-Fructose 
Starch + (n-1)H20 

—_ n D-Glucose 


Cleavage with addition of water Glucoamylase 


Formation of or addition of 
groups to double bonds 


Я Citrate-Lyase 
Citrate S y Oxaloacetate + Acetate 
EC 4.1.3.6 


Citrate-Lyase 


Q Glucose 140082 emer, Fructose 
Ld 
M EC 5.3.1.9 ы 
Conversions within 


a molecule Glucose-Isomerase 


Acetate + ATP + CoA — Acety-CoA-Synthetase | 
EC 6.2.1.1. 
Acetyl-CoA + АМР + PPi 
м (п) Deoxyribonucleotides + (m) Deoxyribo- 
DNA-Ligase 


nucleotides + ATP 
Bonding with EC 6.5.1.1. 


consumption АМР = PPi + (EC п + тї) Deoxyribonucleotides 
of ATP 


DNA-Ligase 
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Coenzymes are organic compounds that bind to the 
active site of enzymes or near them. They modify the 
structure of the substrate or move electrons, protons, 
and chemical groups back and forth between enzyme 
and substrate, negotiating considerable distances within 
the giant enzyme molecule. When used up, they sepa- 
rate from the molecule. 


Many coenzymes are derived from vitamin precursors, 
which explain why we require a constant low-level sup- 
ply of certain vitamins. One of the most essential coen- 
zymes, NAD* (nicotinamide adenine dinucleotide), 
is derived from niacin. Most water-soluble vitamins of 
the vitamin B group act as coenzyme precursors very 
much like niacin. 


Otto Heinrich Warburg (1883-1970, Fig. 2.3) dis- 
covered the respiratory enzyme cytochrome oxidase 
(Fig. 1.14) and NAD. His discovery, and subsequent 
structural analysis, was one of the shining hours of 
modern biochemistry. In the absence of niacin in the 
diet, certain enzymes (e.g., dehydrogenases) cannot 
Work effectively in the body. The affected human will 
develop pellagra, a disease caused by vitamin B (nia- 
cin) deficiency. Otto Warburg developed an optical 
test making it possible to quantify reduced NADH at 
a wavelength of 340nm (the oxidized NAD* does not 
absorb light at this wavelength). It was now possible 
to measure essential enzyme reactions, such as the 
detection of glucose using glucose dehydrogenase (see 
Chapter 10). 


Nowadays, vitamins like B2 (riboflavin), B12 (cyanoco- 
balamin), and C (ascorbic acid) are produced by the ton 
using biotechnological methods (see Chapter 4). 


Cofactors that are covalently bonded to the enzyme are 
called prosthetic groups. Flavin adenine dinucleotide 
(FAD) acts as a prosthetic group for GOD. Peroxidase 
and cytochrome P-450 contain a heme group, as found 
in myoglobin and hemoglobin. The heme group itself 
consists of a porphyrin ring incorporating an iron ion in 
its center. 


Coenzymes, by contrast, have only loose bonds, 
and, just like substrates, they undergo changes in the 
binding process and are used up. Unlike substrates, 
however, they bind to a whole host of enzymes (e.g., 
NADH and NADPH of nearly all dehydrogenases) 
and are regenerated and recycled inside the cells (see 
Section 2.13). Enzymes that bind to the same coen- 
zyme usually resemble each other in their chemical 
mechanisms. 


While we referred to the cofactors as “tools,” the pro- 
tein section of the enzyme is the “craftsman” using 
these tools, who is responsible for their effectiveness. 


As always, craftsmen and tools rely on each other to 
achieve the best possible result. 


B 2.4 Animals, Plants, and 
Microorganisms as Enzyme Sources 


Along with the discovery of digestive enzymes in the 
19th century, methods were developed to obtain such 
enzymes from slaughtered animals (see Box 2.2). 
Even nowadays, pepsin is collected from the stomach 
lining of pigs and cattle, rennet from calf stomachs, and 
enzyme cocktails containing trypsin, chymotrypsin, 
lipases, and amylases from the pancreas of pigs. The 
pepsin wine bought in pharmacies usually contains pep- 
sin from pigs' stomachs. 


Organs with a high metabolic turnover, such as 
muscle, liver, spleen, kidney, heart, and small intestine, 
provide enzymes for analytical and medical purposes. 
They need to be purified to a high standard. 


Not only animals but also plants have been investigated 
as potential sources for industrial enzyme use. Grain, left 
to soak and germinate, turns into malt which contains 
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Fig. 2.8 Anatomy of an enzyme: 
Lysozyme. Above: Primary 
structure of lysozyme, the 
sequence of amino acids in 
the molecule (all 20 naturally 
occurring are present and 
abbreviated according to 
international nomenclature 
[disulfide (S-S) bridges 
between cysteine residues are 
highlighted in color). 

Below: Tertiary structure 

of lysozyme, the spatial 
arrangement of the peptide 
chain. For a better overview, 
only the backbones of the 
enzyme and the substrate 
(green) bound to its active site 
and the sugar rings are shown 
(disulfide bridges in red). 


Spatial structure of lysozyme 
from egg white. 


Fig. 2.9 Reconstruction of 
David Phillips’ spatial model 
of lysozyme. Above: the 

first 38 amino acid residues. 
Center: Residues 1-86. Below: 
The complete model of 129 
residues. 
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Fig. 2.10 Tertiary structure 

of lysozyme and part of its 
substrate (the natural substrate 
is a polymer, and only a small 
part of it is shown here). All 
atoms of both molecules are 
shown, highlighting the side 
groups of the amino acids of 
the active site that are involved 
in binding and converting the 
substrate. Asp52 and Glu35 
stand for aspartic acid in 
position 52 of the peptide chain 
and glutamine in position 35 of 
a total of 129 amino acids. 


Fig. 2.11 Right: Temporal 
sequence of the breakdown of 
the substrate. Only sugar rings 
4 and 5 are shown with the 
relevant atoms in the skeleton 
whose bonds undergo the 
cleavage. 


1. The substrate binds to the 
active site. 


2. Deformation of the fourth 
sugar ring. 


3. A proton (H*) from glutamic 
acid attacks the bond 
between the fourth and fifth 
sugar rings. 


4. A positively charged 
carbonium ion (C*) is formed 
on the fourth sugar ring and 
is stabilized by a negatively 
charged aspartic acid (Asp). 
The bond between the fourth 
and fifth ring is cleaved, 
and the first products (fifth 
and sixth ring) are released 
from the active site. The 
carbonium ion bonds toa 
hydroxyl ion (ОНТ) from a 
water molecule. The proton 
of the water molecule fills the 
vacant place in the glutamic 
acid in the active site. 


5. The second cleavage product 
is formed (first to the fourth 
ring) and detaches from the 
enzyme. 


6. The enzyme has been 
totally regenerated, ready 
to bind to the next substrate 
molecule and convert it. 
Two substrate molecules per 
second can be converted. 
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amylases (starch-degrading enzymes) and proteases and 
has traditionally been used in beer-brewing and spirit 
distillation. 


Already in the 19th century, simple methods were in 
use to obtain high yields of proteases from the sap of 
tropical plants—papain and chymopapain from papaw 
trees (Fig. 2.19), ficin from fig trees, and bromelain 
from pineapple stalks. They are still in use for tenderiz- 
ing meat to help digestion or for cleaning contact lenses 
(Fig. 2.18). 


In Europe, however, it is rather difficult to obtain en- 
zymes from plants, as supply and concentration of en- 
zyme vary with the seasons and the processing of large 
amounts of plants is very laborintensive. While animal 
enzymes can be obtained as a by-product of meat pro- 
duction, plant enzyme processing requires enormous 
quantities of plant material. However, both enzyme 
sources cannot satisfy the huge appetite of modern 
industry for enzymes. 


This is where microorganisms come in as an easily 
manageable, high-yielding source of enzyme production. 


The industrial use of microbially produced en- 
zymes began in 1894 when Jokichi Takamine 
(1854-1922) (Fig. 2.13), a Japanese-born biochem- 
ist working in Peoria (USA), patented his method of 
producing Takadiastase. His method of growing fungi 
in an emersed culture was both simple and inge- 
nious. Nutrients and minerals were added to wheat 
straw, which was then inoculated with sporangia of 
Aspergillus oryzae. The straw, kept in crates, was 
stored in incubating rooms. Once the fungi had grown, 
the straw was washed in a salt solution to extract the 
enzymes (amylases and proteases) secreted by 
the fungal cells. Right up to the end of World War 
II, there were enzyme factories in the United States 
with a daily output of up to 10 metric tons of "mold 
fungus straw." They were replaced by the submerged 
culture at the end of the 1950s. 


Using microorganisms as sources of enzymes has ob- 
vious advantages, as it is possible to produce large 
amounts at comparatively low costs. Production 
is unaffected by seasonal changes other than 
location-linked restrictions. The use of suitable mu- 
tants, induction, and selection processes can enhance 
production. It is even possible to produce tailor-made 
enzymes through genetic engineering and protein 
design. 


Apart from the high yields required for industrial appli- 
cations, the enzymes must also be very stable. As 
many microorganisms are able to survive under extreme 
conditions, the enzymes they produce must be ex- 
tremely stable. The thermophilic (heat-loving) micro- 
organisms found in the hot springs of the Yellowstone 


Box 2.4 Biotech History: 
Alexander Fleming's Cold and Its 
Implications for Enzymology 


A cold would not stop Alexander Fleming 
(1881—1955) from coming to work in his 
London laboratory in 1922. Following his 
research instinct, he added some mucus from 
his nose to bacterial culture and was perplexed 
when he found a few days later that something 
in the mucus seemed to have killed the 
bacteria. It could only be an enzyme that lysed 
certain microbes, so he called it lysozyme. 
Soon, Fleming was able to detect lysozyme in 
all bodily fluids, such as tear fluid. 


Alexander 
Fleming 
(1881-1955) 
first discovered 
lysozyme and 
later penicillin. 


The story goes that all colleagues, students, 
and even visitors were expected to provide tear 
fluid for Fleming. Egg white is also very rich in 
lysozyme. This could be seen as a protective 
mechanism to avoid microbial invasion. 
However, it turned out that lysozyme, which 
was so effective in killing harmless microbes, 
had no effect whatsoever on pathogens. 


It took two further years until Fleming 
discovered a very effective antibiotic, 
penicillin, in what seemed another 
haphazard experiment (see Chapter 4). 


Lysozyme, however, was destined to take 

a very special place in the history of 
modern biology, as it was the first enzyme 
to be studied in its spatial structure. Its 
properties were explored in atomic-level 
detail. 


The substrate of lysozyme is a molecule 
consisting of the sugar rings of acetylmuramic 
acid and acetyl glucosamine (Fig. 2.10), also 
called a mucopolysaccharide, which serves as 
a building component of cell walls. 


When lysozyme cleaves its substrate, the cell 
becomes permeable, takes up liquid, and finally 
bursts from the high osmotic pressure inside. 


In 1963, the exact number and sequence 
of the amino acids (primary structure) 
of lysozyme isolated from egg white was 
established (Fig. 2.8). 


The 20 amino acids differ in their side groups. 
It was not known, however, how the long 
protein thread consisting of 129 amino acids 


and a total of 1,950 atoms could form an 
active site and bind and convert substrates. 


Only through X-ray structural analysis 
was it possible to gain insights into the 

3D structure of lysozyme. It was the third 
compound to be analyzed in that way, after 
the blood pigment hemoglobin and the 
muscle protein myoglobin (Nobel Prize in 
1962 for John C. Kendrew (1917-1997) 
and Max F. Perutz (1914—2004), both from 
Cambridge, UK. 


David Phillips (1924—1999) and his 
colleagues at the Royal Institution in London 
already began in 1960 to work on the spatial 
structure of lysozyme. First, the protein was 
crystallized, and in the spring of 1965, the 
first 3D model of lysozyme was finished. It 
did not show a long stretched-out molecule, 
but a compact structure with a crevice. This 
remarkably deep crevice must contain the 
active site—it was the first time an active 
site in an enzyme could be shown by X-ray 
structural analysis (Figs. 2.8-2.11). 


David Phillips (1924-1999) and lysozyme 
crystals. 


What the 3D image did not show was the 
way substrates were bound and cleaved and 
where the energy for these processes came 
from. On the basis of the spatial structure, 
Phillips built a bit-by-bit wire-and-ball 3D 
model of lysozyme (Fig. 2.9). 


Simultaneously, he built a 3D wire 

model of the part of its substrate that 
interacts with lysozyme. It consisted of six 
interconnected sugar rings, each of which 
was shaped like an armchair. 


Three sugar rings were an exact key-and- 
lock fit in the upper part of the cleft. The 
"chair" conformation of the fourth one did 
not fit because several of its atoms clashed 
with the side groups of the amino acid side 
groups in the active site. 


Phillips bent his wire model of the fourth 
sugar ring into an unnatural, “half-chair” 
conformation—and it was a perfect fit! 
What worked in the model must work for 
lysozyme in real life. After the fourth sugar 
ring had changed its shape to fit, the fifth 
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and sixth rings fitted into the crevice without 
any further deformation. It was precisely 
between the taut and twisted fourth ring and 
the normal fifth ring that the substrate was 
cleaved (Fig. 2.11). 


The cleft was mainly formed by nonpolar 
amino acids—i.e., their side groups did not 
carry an electric charge. Right next to the 
bond to be cleaved—between the fourth and 
fifth ring—there was a polar side group of 
aspartic acid (Asp) with a strongly negative 
charge. The opposite side of the crevice 
contained a side group of glutamic acid 
(amino acid no. 35) (Fig. 2.11). 


Both side groups act like pliers on the bond 
they are supposed to break. For the first time, 
it was possible to show the mechanism of an 
enzyme reaction right down to the last atom. 
General rules about the structure of enzymes 
could be studied with the lysozyme model. 


There was a further insight to be gained 

from the lysozyme model. According to Emil 
Fischer’s lock-and-key hypothesis, one 
would have expected the substrate to fit 
precisely into the active site. However, the 
substrate only fitted after it had been 
reshaped by the enzyme. Furthermore, it 
was not only the substrate that changed 
shape but as was shown by X-ray structure 
analysis, the crevice in the lysozyme also 
deepened when it bound to the substrate. It 
resembled a rubber key and a rubber lock, or, 
to put it more elegantly, it was an induced fit 
like a hand in a glove. 


Lysozyme in space! 


Starting in 1985, NASA and ESA performed 
experiments in space with lysozyme as a 
model substance to quantify improvements 
in protein crystal growth in microgravity. 
The Space Shuttle Columbia carrying the 
International Microgravity Laboratory 
(IML-2) on board was launched on July 8, 
1994. Columbia returned safely on July 23 
after a very successful mission. It was also a 
milestone for microgravity research. 


| A flawless single 
crystal of lysozyme, 
grown in space, 
approximately 
1.8 mm in length. 
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National Park or Kamchatka must produce heat-stable 
enzymes, or they would not be able to survive. 


The polymerase obtained from Thermus aquaticus, 
known as Taq polymerase, has become an indispens- 
able tool in modern gene technology (see Chapter 


these hardly contain any enzymes, ready-made en- 
zyme preparations containing amylases, glucanases, 
and proteases obtained from mold fungi or bacteria, 
known as brewing enzymes, are added. 


According to the Japanese brewery Kirin, the annual 


per capita consumption of beer (in 2018) was: Ranking 
No. 1 Czech Republic 191.8L, No. 2 Austria 107.6L, 
and No. 3 Germany 101.11. The United States were 
on rank 20 with 73.5 L, the United Kingdom on rank 
22 with 72.9 L, and China on rank 43 with 29 L/cap- 
ita. China is, however, with 1.4 billion citizens the 
largest market in the World. Worldwide, beer con- 
sumption in 2018 increased by approximately 0.876 
from the previous year amounting to around 188.79 
million kL. This is 2.4 billion 633 mL bottles. The larg- 
est market is China, which has 20.976 of the global 
market share and has occupied the No. 1 position for 
11 consecutive years since 2007. The volume con- 
sumed in China is 1.7 million kL more than that in 
the United States, while Brazil ranked third behind 
the United States. 


10). Thermostable enzymes are also found in microor- 
ganisms living in ordinary compost heaps which heat 
up considerably. Salty lakes are the habitat of halo- 
philic (salt-loving) bacteria, whereas psychrophilic 
(cold-loving) enzymes are extracted from microorgan- 
isms found in Antarctica. 


Fig. 2.12 The Daddy longlegs 
spider Pholcus phalangioides 
bites into the leg of a midge 
caught in its web to inject 
digestive juices. The victim 

is thus digested from within. 
The leg of the midge serves 
as a “straw” through which 
the whole body content of the 
midge is slurped up, taking up 
to 16h! It takes so long because 
the digestive enzyme has to 
reach the furthest ends of the 
midge body before the meal is 
ready... 


E 2.5 Extracellular Hydrolases Degrade 
Biopolymers Into Smaller Manageable 
Units 


Microbial enzyme production concentrates on simple 
hydrolytic enzymes (proteases, amylases, pectinases) 
that degrade natural polymers such as proteins, starches, 
or pectin. The microorganisms secrete the enzymes into 
their nutrient medium to make better use of it. These 
extracellular enzymes break up the giant molecules of 
the substrate into smaller ones that can feed the micro- 
organisms. Similar processes are known in the animal 
kingdom, in spiders, e.g., where they are referred to as 
extraintestinal digestion (Fig. 2.12). 


The underlying enzymatic processes, however, 
have remained the same as in ancient Egypt 
2000 years ago. 


The starch contained in grain is degraded enzymatically 
into sugars, which then undergo alcoholic fermentation 
by yeasts. It is an energy storage compound in plants 
and one of the major nutrition sources for animals and 
humans. It is a polysaccharide exclusively composed of 
glucose components. 


It comes as no surprise that industry has so far mainly 
focused on extracellular enzymes, as they can be 
extracted easily and cheaply from a medium and do 
not require cost- and labor-intensive cell disruption and 


Ийсайой procedur Май contains various starch-degrading amylases that 
purification procedures. 


cut the bonds between glucose residues in various ways, 
resulting in molecules of various sizes. Although malt 
contains no more than 0.5-176 amylases, it is the most 
significant supplier of enzymes worldwide. 


А bacterial cell contains more than a 1,000 different en- 
zymes, and any intracellular enzyme must be separa- 
ble from other enzymes and cell structures. 


To obtain glucose, potato or corn starch must be de- 
graded as completely as possible, which used to be 
done by exposing it to acids at raised temperatures (acid 
hydrolysis). 


There are two distinct properties in proteins that can be 
used for separation purposes—molecular mass and elec- 
tric charge. All protein separation methods known to 
date utilize these techniques: salt precipitation, move- 
ment through an electric field (electrophoresis), binding 
to charged or noncharged carriers (chromatography), 
mass spectrometry, and other methods. 


Over the last 30years, however, amylases have grad- 
ually replaced acid hydrolysis. In the first step, starch 
is heated up to 176-221°F (80-105?C), broken down 
into short sections by a-amylase, and turned into a thin 
liquid. The resulting dextrin mix is then degraded by 
another amylase, glucoamylase, into its basic compo- 
nent glucose. It is turned into pure dextrose through 
crystallization. 
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B 2.6 Amylases Are Used for Brewing, 
Baking, and Desizing 
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Duke William IV of Bavaria issued the purity law for 
beer in 1516. It stated that “nothing but barley, hops, and 
water should be used for beer-brewing." This rule is still 
followed in Germany, whereas in most other countries, 
economic considerations have led to the replacement 
of malt with ungerminated grain, corn, or rice. As 


Heat-stable o-amylase is obtained from а Bacillus and 
remains active for 2-3h at a temperature of 203?F 
(95°C). Glucoamylase is derived from mold fungi 
(Aspergillus strains). Enzymatic saccharification results 
in a high yield of dextrose, shortened starch degradation 


Fig. 2.13 Jokichi Takamine 
(1854-1922) was one of 
the first industrial users of 
microbial enzymes to aid 
digestion. 
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Box 2.5 How Do Enzymes Do It? 


Enzymes speed up chemical reactions by 

a factor of 100 million to 1,000 billion 
(109—102). Suppose an enzyme-catalyzed 
reaction is completed within 1s; the same 
uncatalyzed reaction would, in theory, take 
300 years (factor of 1019). 


The progress of such a reaction would be 
barely measurable. Most metabolic reactions 
in organisms would be so slow without 
enzymes that they would be completely 
pointless. Life is only possible due to 
enzymes! 


The substrate 
(red) binds 
to the active 
site of the 
lysozyme 
(blue). 


For substances to interact with each other, 
they must first be activated, i.e., put into a 
reactive state. The energy needed to achieve 
this is called activation energy. 


The energy curve of a chemical reaction can 
be compared to a mountainous landscape 
(see figure below) where the starting 
compounds lie like stones on the far side 

of the mountain. In order to roll into the 
valley on the near side (to be converted to 
products), they need to be pushed over the 
top with the help of activation energy. 


Activation 
energy of uncatalyzed 


reaction 
Starting 
dd d 


This energy could be supplied via a rise in 
temperature or pressure, which would kill 
any living cell. Broadly speaking, all catalysts 
lower the activation energy (free or Gibbs 
activation enthalpy). In our image, they 
would flatten the mountain top to such an 
extent that only very little energy is needed 
to get across. This small amount of energy 
can be supplied fairly easily and frequently. 
The catalysts could also be compared to a 
mountain guide who, rather than climbing 
over the mountain tops, chooses a path 

via several lower passes, thereby saving 
energy. The stages of equilibrium are shown 
as a trough (initial stage) and the valley (end 
stage). The mountain top represents a labile 
transition state of the activated complex. 


Enzymes do not change the equilibrium 
position of the reaction (that would mean 
interfering with the depth of the trough or 
the valley), but they make it possible to reach 
the state of equilibrium much faster. They 
only accelerate a process that would have 
taken place without them, albeit at a much 
slower—sometimes immeasurably slow pace. 


How this is achieved remains a matter of 
debate among enzymologists, and it seems 
hat one explanation does not fit all enzyme 
eactions. 


We have seen one possibility in lysozyme 
Figs. 2.8-2.11) where the substrate is 
deformed by the enzyme and can only 
get out of its taut and twisted position 
intermediate state) by product conversion. 


Activated complex 


Uncatalyzed 
reaction 


Enzyme-substrate 
complex 


Enzyme 
reaction 


qa 


Products 
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A large amount of the energy required for 
he reaction is probably obtained during the 
binding of the substrate to the active site. 


n a solution, reactants are only brought 


sites, thereby increasing the probability of a 
eaction. 


Only when the Substances have climbed the 


"energy hill” a Yeaction Can take place. 


ACTIVATION 
ENERGY ж 


e vs. À 


In the active site, highly reactive functional 


groups are concentrated in a very small 
space and arranged in a way that they 

are in direct contact with the bonds of the 
substrates they are going to modify, thus 
ensuring constant exposure. 


The active site contains mainly nonpolar 
groups, which makes it resemble a nonpolar 


organic solvent. Organic reactions are generally 


speeded up in a nonpolar organic solvent, 
compared to the reaction times in polar water. 
In the organic environment of the active site, 
the few existing charged polar side groups 
of amino acids become super-reactive 

in comparison to their behavior in a watery 
solution. 


All the factors mentioned so far help explain 
why an enzymatic reaction is far superior 
to normal catalyzed chemical reactions, 


including those involving technical catalysts. 


This also explains why enzymes consist 

of such enormous chain molecules—it 
enables them to fold in order to arrange the 
required reactive groups in one place at a 
given time. 


An enzyme molecule is not a rigid 


structure but is flexible and deformable. 


Energy required in an uncatalyzed reaction 
(back) and enzyme catalysis (front). The 
difference in activation energy between the 
reactions is striking. 


ogether by chance, whereas enzymes bring 
them into close proximity in their active 
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Fig. 2.14 At the beginning 

of the 20th century, German 
industrialist and inventor 

of Plexiglas Otto Róhm 
(1876—1939), a former student 
of Eduard Buchner' s, had 

the idea of cleaning laundry 
using diluted pancreatic 
enzyme extracts. His company 
produced a product called 
Burnus, containing pancreatic 
proteases from slaughtered 
pigs in which the laundry was 
soaked before washing. 


Fig. 2.15 A packet of Burnus 
pancreatic enzyme prewash, as 
sold in 1914. 


Fig. 2.16 Pectinases liquefy 
fruit. 
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times and does not require any acid treatment—a boon 
for the environment. 


In baking, too, the addition of enzymes has become 
popular Through the accelerated degradation of 
starch, the sugar content in the dough rises, which, in 
turn, accelerates the fermentation process. Proteases 
are added to degrade the "sticky proteins" (gluten) in 
the dough. Gluten partly binds water and has a gel-like 
consistency. It is degraded by proteases obtained from 
mold fungi to make the dough stretchier and increase 
its ability to retain air bubbles. The volume of enzyme 
read rolls exceeds that of bread rolls prepared with- 
out enzymes. 


lon 


In the textile industry (e.g., jeans production), the 
warp of the jeans fabric is treated with starch in or- 
der to make the fibers stick together and to enhance 
their robustness and elasticity during the weaving 
process. 


Once the fabric has been woven, it must be desized, 
i.e., the starch must be removed. This used to be done 
by amylases obtained from malt or animal pancreases, 
but nowadays they are obtained from bacteria. As these 
are fairly heat-stable, it is possible to work at high tem- 
peratures to speed up the process and bleach the mate- 
rial at the same time. 


B 2.7 Pectinases Increase Fruit and 
Vegetable Juice Production 


Fruit and vegetable juices have become part of a modern 
healthy lifestyle. When juice is pressed from fruit and 
vegetables, high-molecular pectins reduce the output. 
Every home canner knows pectin, obtained from apple 
cores, as a gelling aid when preparing jam and jelly. It is 
exactly this gelling effect that is not wanted when ex- 
tracting juice (Fig. 2.16). 


Pectinases derived from Aspergillus and Rhizopus 
molds are produced in submerged cultures. Worldwide 
production of pectinases is about 100 tons. Fruit and 
vegetables are chopped up and the pectinases added 
to degrade long-chain pectins. The viscosity of the 
juice is reduced, which helps filtration, and the yield 
is higher. 


Baby food is another major application area for pecti- 
nases. They macerate fruit and vegetables to make them 
softer and easier to eat. 


Fruit yogurt and cloudy fruit juices are also often 
the result of the biotech production. In order to pro- 
duce carrot juice or purees, not only pectinases but 


also cellulases obtained from mold fungi, are added. 
Cellulases degrade cell walls. 


ш 2.8 Biological Detergents — The Most 
Important Application Area of Hydrolytic 
Enzymes 


Stains that contain protein (e.g., milk, egg yolk, 
blood, or cocoa) are difficult to remove because proteins 
do not readily dissolve in water. At high temperatures, 
the protein curdles on the textile fibers and is even 
harder to remove. 


The dirty laundry contains a mixture of dust, soot, and 
organic matter such as fat, protein, carbohydrates, and 
pigments, and in bed linen and underwear, in particular, 
fat and proteins act as glues that make dirt stick. 


During the laundering process, detergents detach fat 
from the fabric and distribute it in the washing liquid, 
while proteins are still stuck to the material. Otto Róhm 
(1876-1939, Fig. 2.14), a former student of Eduard 
Buchner's, pioneered the use of enzymes in laundering 
(Fig. 2.15). 


However, the pancreatic enzymes used initially proved 
to be not very stable and very expensive. The first bio- 
logical detergents were unsuitable for mass production 
until 1960 when subtilisin was discovered in Bacillus 
licheniformis. The enzyme is active under alkaline con- 
ditions of washing. 


These days, biological laundry detergents are widely 
used. They contain alkaline proteases at a ratio of 
1:50, which reach their optimal activity during the 
washing process. Their low substrate specificity 
makes them ideal omnivores, able to degrade sticky 
proteins into amino acids and shortchain peptides 
(Fig. 2.17). Proteins are thus detached from textile fibers 
and washed away. 


Since the mid-1960s, biological detergents have been 
widely sold in the United States, Western Europe, and 
Japan. Initially, the dust arising from detergent produc- 
tion caused allergies in factory workers, but the problem 
was quickly solved by granulation. The particles were 
coated with wax to form granules. Liquid detergents and 
detergent powders in tablet form avoid the problem al- 
together (Box 2.6). 


Raised energy awareness in recent years shifted the 
focus to a further property of biological detergents. As 
the enzymes involved reach their optimum action at 
120-140°Е (50-60°С), the laundry need not be boiled 
anymore, thus saving precious energy. Often, amylases 


and lipases are added to the proteases in order to de- 
grade starch residues and fat. 


Cellulases are added to detergents to degrade micro- 
fibers sticking out from cotton fibers, giving the fabric 
a softer feel and making colors appear more vibrant. 
Dishwasher detergents also make more and more use of 
enzymes, mainly amylases and lipases. 


Enzymatic stain remover contains proteases, lipases, 
and amylases, and dissolves not only stubborn stains 
of red wine, grass, fruit, coffee, and tea but also the 
much more common mixed stains. Fruit ice cream or 
yogurt or tomato sauce contain not just pigment, but 
also protein and fat. Gravy, ketchup, and many ready 
meals contain a bit of everything: pigment, protein, fat, 
and starch. 


Like detergents, stain removers also contain oxidiz- 
ing bleaches that destroy enzymes. However, through 
successful protein engineering, it has been possible 
to fine-tune the Bacillus proteases for the laundering 
process. One thousand tons of genetically engineered 
proteases are produced every year. These are mainly 
subtilisin variants in which an amino acid sensitive 
to oxidation (methionine in position 222) has been sub- 
stituted by a more stable amino acid (see Box 2.9 for 
details). 


The enzymes retain their stability at pH 10 at 140?F 
(60°С) and are resistant to surfactants, complexing 
agents (water softeners), and oxidants. 


E 2.9 Proteases for Tenderizing Meat and 
Bating Leather 


When the Spanish conquered Mexico, they noticed that 
the indigenous population wrapped leaves of the pa- 
paya tree (Carica papaya) around meat they wanted to 
cook or fry, or they rubbed a slice of papaya fruit over it. 
There is a method to the madness—the papaya contains 
high concentrations of the proteases papain and chymo- 
papain. These degrade connective tissue in the meat, 
making it nice and tender. 


Hundreds of tons of papain are used in the United 
ates every year for tenderizing meat. Other proteas- 
es—ficin from fig trees and bromelain from pineapple 
plants—are also suitable for the purpose. 


co 


Tenderizing powders containing proteases are sold in 
many countries. These are rubbed into the meat, which 
is then left to stand at room temperature for several 
hours. During this time, plant proteases degrade con- 
nective tissue proteins, such as collagen and elastin, 


Soiled fiber 


: Dirt { Ргоїеїп 


i Fat i particle i stain 
Biological detergent 
w \ 


= 


4 iPeptides and 
: Enzyme 


tamino acids 


Activity of detergent 


Detergent 
with enzymes 


LLL soins 


20/68 40/104 60/140 80/176 100/212 
Laundry temperature in °C/°F 


0/32 


speeding up the natural maturing processes. We all 
know that game has to hang for a while to make it 
tastier. The animal’s own proteases (cathepsins) are at 
work in the maturation process. 


Microbial proteases have been also highly effective in 
leather production. 


Otto Róhm (Fig. 2.14) held the first German patent 
(1911) for the use of animal pancreatic enzymes in 
leather-bating in preparation for the smelly tanning pro- 
cess (Figs. 2.20 and 2.21). 


The enzymes replaced the traditional use of dogs' 
excrement, which had not exactly added glamor to 
the image of the smelly tanning profession. We know 
now, of course, why the dogs' feces worked—they are 
a breeding ground for bacteria that produce leather- 
softening proteases. 
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Fig. 2.17 Diagram of 
biodetergent action (left). 
Serine proteases (below). A 
particularly reactive serin group 
in the active site lends its name 
to the proteases. 


Subtilisin 


Elastase 


Fig. 2.18 Papain, obtained 
from the papaya fruit, sold as a 
digestive aid. 


Fig. 2.19 Papaya tree (Carica 
papaya). 
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Box 2.6 How Enzymes for 
Detergents Are Made 


The enzyme-producing cells are cultured in 
2,500—25,000-gal (10,000 — 100,000 — Z) 
stirred vessels. The nutrient medium 


The starting culture is a pure culture of a 
specifically chosen strain of B. licheniformis. 
In the first step, the nutrient medium is 
inoculated with the culture in a shaking flask. 
This becomes the inoculum for a smallish 
bioreactor (2.5-15 gal or 10-501). Often 
there is another intermediate production step 


in ultrafiltration have pores so small that even 
dissolved molecules like those of proteases 
are unable to pass, whereas water and 
dissolved salts and other small molecules pass 
unhindered. The process results in a tenfold 
concentration of proteases. 


contains predegraded starch (5—15%) as a 
carbohydrate and nutrient source, 2-376 

soy flour, and 276 milk protein or gelatin as 
cheap sources of protein and nitrogen, as well 
as phosphate to stabilize the pH level. The 
medium is steam-sterilized for 20-30 min 

at 25°F (121°C) and then cooled down 

to a cultivation temperature of 86-1 40°F 
(30-60*C). The pH level is kept neutral and 


the culture well aerated. 
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Action of biological detergents. 
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Fig. 2.20 Otto Róhm (right) 
tanning leather. 


Fig. 2.21 Oropon was the first 
industrially produced leather- 
bating product. 


Fig. 2.22 Chicken and pigs benefit 
from phytase food additives. 
Farmers can reduce the phosphate 
content added to the feed and 
thus protect the environment 
from excessive phosphate 
contamination (see Box 2.7). 
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at a volume of 130-260 ga 
before final production in 
ahead. 


The bacteria use up the easily available 


presence o 


nitrogen sources in the medium, and after 

10-201, subtilisin, a protease that they have 
been secreting, is detected in the medium. 
amylases for further degradation 
of the predegraded starches is only transient, 


or 500-1,000L 
he reactor goes 


Japanese washing 
machines do not come 
with a heating program 
because, for over 

20 years, the Japanese 
have relied on biological 
detergents. 


The 


While protease production will continue as 


long as the medium contains protein. 


In order to prevent other microbes from 
settling in the culture and compromising 


the product, the contents of the bioreactor 


are cooled quickly to around 41°F (5°С). 


The cells (about 100 g/L) are centrifuged 


or filtered and then separated. The clear 


supernatant of the culture is concentrated 
through ultrafiltration. The membranes used 


B 2.10 Immobilization — Reusing Valuable 
Enzymes 


For a successful application of the aforementioned enzy- 
matic processes, the following conditions must be met: 
The enzymes must be so inexpensive that they can be 
allowed to remain in the end product in an active or 
inactivated state or be discarded after use. This mainly 
applies to extracellular hydrolases (proteases, amy- 
lases, and lipases) which are stable and do not require 
cofactors. 


It would be uneconomical to use intracellular en- 
zymes that are been costly and laborintensive to 
isolate in the same way. Methods must be found to 
enhance enzyme stability and enable reusage. In 
many applications, e.g., pharmaceutical use, the end 
product must be completely free from enzyme 
residues in order to avoid immune reactions. It is 
therefore necessary to find ways of separating the en- 
zymes from the end product, e.g., through fixation 
to the carrier material, also known as immobili- 
zation (Box 2.8). 


When an intracellular enzyme is isolated from cells, it 
undergoes complex processing to free it from all impuri- 
ties. Its properties and behavior are monitored in vitro, 
and it is often forgotten that this is a totally unnatural 
environment for the enzyme, so its behavior could 
be equally unnatural. In vitro conditions are only normal 


Dry enzyme preparations can be obtained 
hrough precipitation, but spray-drying is 

he method of choice. A solution containing 
enzymes is sprayed into a current of hot air in 
which water evaporates rapidly. The particles 
hat form are sized between 0.5 and 2mm. 
They are embedded in prills or coated with 
marumerizer method) inert material and 
wax-like preparations, such as polyethylene 


glycols. 


for a few extracellular enzymes released from the cells 
into the surrounding medium. 


Inside the cell, most enzymes are in some way 
bound to the cell components or embedded in 
membranes. 


They are part of intricate complexes involving other pro- 
teins or fatty compounds called lipids. Efforts have been 
made to simulate a natural environment for the intracel- 
lular enzymes by bonding them to artificial carriers and 
membranes or enclosing them in a gel. Enzymes that 
have been bonded in that way have been largely immo- 
bilized and are called immobilized or carrier-bound 
enzymes (Fig. 2.24). 


Immobilized enzymes can be seen in analogy to the 
“immobilized nightingales” on the bird market in Hong 
Kong (Fig. 2.27). The birds are shut into narrow cages 
(polymer gels) from which they cannot escape (leak- 
age) and are protected from cats (proteases, microbes). 
Food, water, and oxygen (substrate) enter freely, while 
metabolites are easily disposed of. Their activity can 
be seen and heard. Due to their long lifespan, they 
are reusable. By the way, in the Western coal mining 
industry, canaries were kept in cages underground as 
living biosensors (see Chapter 10) to warn miners 
of carbon monoxide poisoning (Fig. 2.25). In the pres- 
ence of carbon monoxide, the bird would drop dead. 
Warning signal! 


Box 2.7 The Expert's View: 
Phytase — Managing Phosphorus 


Phosphorus is becoming a major focus 

of interest, as it is no longer available in 
abundance, but has become a rare and 
precious resource that needs to be managed 
with care on sustainability principles. 


For decades, the massive impact of phosphorus 
used in industrial farming has been a major 
environmental concern. Phosphorus is used in 
fertilizers as well as animal feed fortified by 
inorganic phosphates. Both animals and plants 
need phosphorus—either to build bone 
substances or to produce the energy carrier 
adenosine triphosphate. Excessive amounts of 
phosphates and nitrates from agricultural runoff 
cause eutrophication (overfertilization) in 
lakes and rivers, turning them into a smelly, 
slimy mess. In the Southern seas, such as the 
South China Sea in Hong Kong, eutrophication 
leads to what is known as Red Tide. Similar 
sights have been seen in the Baltic Sea Red 
Tide. They are caused by microscopic algae of 
the dinoflagellate family (dual-flagellated 
carapaced algae) that thrive on a combination 
of warm water and nutrients and produce 
toxins. 


The second global phosphorus rush was 
brought about by the sudden dynamic growth 
of China and India, leading to uncontrolled 
surges and fluctuations in raw material prices. 
As a reaction, phosphorus management is 
beginning to be established, and its sharpest 
tool is phytase. 


Monogastric animals such as chickens, pigs 
(Fig. 2.22), and humans cannot make use 

of a large proportion of the phosphates they 
take up in their food because the phosphate 

in plant seeds is stored as myo-inositolhexakis 
phosphate, also known as phytate, a 
compound that monogastric stomachs are 
unable to hydrolyze due to insufficient enzyme 
activity. The multiple stomachs of ruminants, 
by contrast, are inhabited by microorganisms 
that produce phytase activity. Microbial 
phytases make phosphate groups bioavailable 


No phytase added 
5.2 g P/day 


Phytase added 
5.2 g P/day 
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through hydrolytic cleavage. Phytase is 
produced by many microbes, including fungi, 
and is excreted extracellularly. 


Biotechnologists and animal nutritionists hit 
on the idea of producing microbial phytases 
(of fungal or bacterial origin) in bioreactors 
on an industrial scale in order to add them to 
pig and chicken feed. At the same time, the 
amount of inorganic phosphate feed additives 
was reduced. As pigs are notorious for their 
phosphate-rich liquid manure, they have 
been an environmental scourge. 


Through phytase-catalyzed hydrolysis of 
phytate and reduction of phosphate feed 
additives, it was possible to reduce the 
phosphate excretion of the animals by 
a whopping 25-30%. In other words, the 
addition of inorganic phosphate to grain feed 
could be drastically reduced by liberating the 
phosphate contained in the grain itself. 


In countries with intensive animal farming 
such as the Netherlands, Denmark, and 
Germany, the use of phytase has already 
proved to be ecologically efficient, 
reducing phosphate emissions by several 
thousand tons a year as well as making 

the addition of inorganic phosphate almost 
obsolete. Legislators in the Netherlands 
and Denmark as well as some US states 
subsidize the use of phytase, while other 
countries such as China have reduced 
phosphate mining to protect their resources 
and lowered national standards for 
phosphate in animal feed. 


In addition, the increasing price for mineral 
oil resources in agriculture (e.g., for NPK 
fertilizer) led to higher demand for phytase. 
All this has made phytase a most successful 
enzyme product at a global level. 


One of its main global producers, the Danish 
company Novozymes, had a turnover of 
around US$ 100 million in 2020 from animal 
feed enzymes alone, a major part coming 


No phytase added 
3.1 g P/day 


Phytase added 
2.3 g P/day 
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from phytase sales. The phytase is obtained 

from the fungus Peniophora lycii and is sold 
under the name RONOZYME P by business 
partner DSM Nutritional Products. 


By far the most successful product has been 
temperature-stable CT granulate (C7 stands 
for coated thermostable). 


RONOZYME PCT has been the only phytase 
product so far able to withstand the high 
temperatures of 176—-185°F (80-85°С) at 
which animal feed pellets are processed. 


While phytase products are booming, Green 
Biotechnology has been making progress by 
inserting phytase genes into corn, rice, and 
soybeans. Furthermore, plants with low phytate 
content and more bioavailable phosphorus are 
being developed by selective mutation. 


However, as long as Green Biotechnology 
continues to struggle with technological 
problems and is not readily accepted 

in Europe, phytase looks like the more 
successful candidate in the short term. 


The University of Guelph in Canada created 
transgenic pigs known as "Enviropigs" 

that secreted phytase in their saliva. The 
phosphate content of their manure was 
reduced by 60%. However, Ontario Pork 
stopped funding the projects in 2012 and the 
pigs were destroyed. 


Frank Hatzack 
has been Scien 
Manager of 
Novozymes, 
Denmark. 
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Fig. 2.23 Іп the 19705, Ichiro 
Chibata (born 1925, above) 
and Tetsuyo Tosa (born 1933), 
of Tanabe Seiyaku Co. Ltd. 
(Osaka) developed a method 
using immobilized acylase —a 
world premiere. 


L = 

Fig. 2.24 Professor Atsuo 
Tanaka (Kyoto) immobilized 
microbes in customized gels. 
He gave the author of this book 


lessons on biotechnology in 
Japan and has since retired. 


Fig. 2.25 Miner with 
“immobilized” canary. The last 
canaries in British mines quit 
service in 1996. 
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With the production cost of enzymes remaining 
comparatively high, it makes sense to apply the same 
economical methods that cells use, i.e., to stabilize 
enzymes and use them several times over in substrate 
processing. 


The success stories of immobilized glucose isomer- 
ase and aminoacylase demonstrate that it is possible 
to create the right working conditions for immobilized 


enzymes. 


B 2.11 Glucose Isomerase and Fructose 
Syrup— Boosting the Sweetness of Sugar 


The worldwide consumption of sugar is continuously 
going up, while sugar cane and sugar beet have not 
changed their high demands on soil and climatic con- 
ditions. Furthermore, the raw material needs to be pro- 
cessed immediately after harvesting to avoid losses. 


Starch, by contrast, the natural storage product in 
plants, can be obtained from a wide range of plants 
grown under all sorts of conditions (potatoes, grain, cas- 
sava, sweet potatoes). It is storable and can easily be 
broken down into glucose. 


As we have seen in beer-brewing, starch can be degraded 
on an industrial scale using amylases. The resulting glu- 
cose has, however, one major drawback—it has only 
75% of the sweetness of saccharose (sucrose), so more 
glucose is needed to achieve the same sweetening effect. 


Fructose, by contrast, contains about 80% more 
sweetness than saccharose, which makes it twice as 
sweet as glucose. As fructose is an isomer of glucose 
with the same empirical formula (C6H1206) and the 
same atoms, it should be possible to restructure glucose 
into fructose, thus doubling its sweetening power. 


Read about the development of high fructose corn 
syrup (HFCS) in Box 2.10. 


Consumption of HFCS in the United States has declined 
since it peaked at 37.5 lb (17.0kg) per person in 1999. 
Obesity in the United States is (partly) blamed on HFCS 
consumption. 


The average American consumed approximately 27.1 lb. 
(12.3kg) of HFCS in 2012, vs 39.01Ib. (17.7 kg) of re- 
fined cane and beet sugar. 


Fructose syrup is the preferred drink sweetener in the 
United States. The glucose isomerase is mostly derived 
from Streptomyces spp. and then immobilized. Mostly 
killed-off and disrupted microbial cells with intact glu- 
cose isomerase are used and linked with glutardialde- 
hyde to stabilize them. 


Fructose is a highly attractive choice for food man- 
ufacturers, as it is absorbed more rapidly than other 
sugars—ideal for sports drinks. It enhances the taste 
of fruit or chocolate and masks the bitter taste of ar- 
tificial sweeteners (Fig. 2.26). It softens ice cream 
by lowering its freezing point, making it creamier and 
easier to eat. Clinical tests have shown that diabetics 
find it easier to control their glucose levels by eat- 
ing food containing fructose rather than saccharose 
or starch. 


Fructose is mainly metabolized by the liver, indepen- 
dent of insulin levels. It is therefore a major dietary 
nutrient, and due to its higher sweetening power, 
fewer calories land on the plate of the consumer 
(Fig. 2.26). 


In the Western world, most fructose is produced from 
starch through amylase degradation and subsequent 
restructuring through glucose isomerase. Alternatively, 
sucrose can be used as a starting product. 


Through acid hydrolysis or cleavage using the en- 
zyme invertase, invert sugar is produced, i.e., fruc- 
tose plus glucose. The not-so-sweet glucose, which 
is also undesirable for diabetics, is separated through 
chromatography. 


The use of immobilized glucose isomerase reduces the 
total production cost by about 4076 compared to the use 
of soluble enzymes. 


B 2.12 Immobilized Enzymes in Human 
and Animal Food Production 


The example of glucose isomerase showed that immo- 
bilized enzymes make the production of large quanti- 
ties of cheap products even cheaper, whereas the 
next example, penicillin acylase used for tailor-made 
modifications of the penicillin molecule will show how 
immobilized enzymes can also be used effectively 
in the production of small amounts of high-value 
products (see Chapter 4). 


Humans, pigs, and other nonruminants do not synthe- 
size amino acids such as lysine and methionine— 
or they synthesize them far too slowly. These essential 
compounds must therefore be taken up with food. 
There is a fast-growing need for essential amino ac- 
ids as animal food additives and medical purposes (in- 
fusion solutions). In industrial production, fermentation 
and chemical methods have replaced the conventional 
isolation of l-amino acids from protein hydrolysates (see 
Chapter 4). Chemically synthesized amino acids are opti- 
cally inactive mixtures (racemates) of D- and L-isomers. 
Only the optical L-version (exception: methionine) is 


Box 2.8 Immobilized Enzymes 


The point of immobilized enzymes is that they are 
recyclable. They are bound to large carriers which 
are visible to the naked eye and can be separated 
mechanically from the reaction solution (e.g., by 
filtration). 


A large range of immobilization techniques has been 
developed. Enzymes can be bound to their carriers by 
chemical (covalent bonds) or physical means (adsorption 
or electrostatic forces). 


Special reagents are used to cross-link enzyme 
molecules, or the enzyme molecules are mechanically 
entrapped by gel or hollow fibers. 


The production of immobilized enzymes for industrial 
processes must be simple and relatively cheap. Enzyme 
activity must be high in relation to the carrier mass, and 
the enzymes must be very stable within their action 
range. Immobilized enzymes are used in various types 
of enzyme reactors, most of which are either column 
reactors or stirrer vessels. 


They have obvious advantages over soluble enzymes: 
they are recyclable, they have the desired chemical and 
physical properties, and they often also have higher 
stability in a wider pH range and at higher temperatures. 
The end product is free of enzyme residues. 


physiologically active and in demand in medicine, sport 
(Fig. 2.30), and animal food production (Fig. 2.31). 


In Japan, Ichiro Chibata (Fig. 2.23) and his group 
developed a process by which chemically produced 
racemates of acetyl-b-, -amino acids are enzymatically 
cleaved into L-amino acids and unhydrolyzed acetyl-p 
amino acid (Fig. 2.33). Due to its reduced solubility, the 
desired L-amino acid can be easily separated from the 
acetylated р-атіпо acid. 


The undesired d-amino acid is reused in the synthesis 
of the racemate. This process was first carried out using 
soluble aminoacylase from kidneys or A. oryzae, and 
the enzyme was not recycled. 


However, in certain cases (e.g., infusion solutions con- 
taining amino acids), it is crucial to remove all traces 
of enzymes to avoid immune reactions in the patient. 
Such removal procedures used to be costly and reduce 
productivity, so immobilization offered a viable alter- 
native. In a straightforward low-cost procedure, the 
enzyme binds through adsorption to a DEAE cellulose 
carrier (Fig. 2.33) and remains stable—losing only half 
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its activity after 65 days. Tanabe Seiyaku (Osaka, Japan) 
was the first company to use immobilized enzymes 
in the industry. 


From 1969 on, this method was applied to produce 
L-phenylalanine, L-valine, and L-alanine on an industrial 
scale (Fig. 2.33 and Chapter 4). The total cost of the 
process using immobilized aminoacylase is about 40% 
below that of using soluble enzymes (Fig. 2.32). As the 
process has been largely automated, labor cost has been 
reduced, the cost of catalysts has gone down, and pro- 
ductivity has increased. Using immobilized enzymes is 
arguably more effective. 


The same rate of success has not been achieved in the 
production of other enzymes, although some of them, 
e.g., soluble glucoamylase, have been used in the in- 
dustry for 50 years. Many successful attempts have been 
made to immobilize glucoamylase, but in spite of all 
the technological advantages, immobilized enzyme pro- 
duction could not compete with the soluble enzyme, 
which is so easy and cheap to produce. In the dairy 
industry, lactase is used to produce lactose-free, easily 
digestible milk (Fig. 2.34). I drink it daily. 


Enzymes M 


Fig. 2.26 Fructose is used as 
a low-calorie sweetener for 
diabetics. 
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Fig. 2.27 An analogy to 
immobilized enzymes—caged 
bird at the bird market in Hong 
Kong. Substrates (air, food) are 
delivered into the cage, while 
its products (CO,, excrement) 
are disposed of. The cage 
prevents the bird from flying 
away and protects it from cats. 
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Fig. 2.28 Yeast cells entrapped 
(immobilized) in polymers 
retain their activity —even their 
ability to sprout. 


Fig. 2.29 Alginate beads 
containing immobilized yeast in 
a column reactor. The yeast is 
fed by a sugar solution running 
through the reactor. 
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Box 2.9 The Expert’s View: 
Protein Engineering: Tailor-Made 
Enzymes 


Protein engineering has held a fascination 
for me ever since I began to work in this 
field as a postdoc almost 20 years ago. As a 
chemist by training, I had the opportunity to 
discover the weird and wonderful world of 
3D protein structures. During my studies, 
I began to realize that 3D protein structures 
can tell us something about the relationship 
between the structure and function o 
proteins. My initial fascination never tired, 
and I am always keen to find out more 
through reading and my own research. 


My first encounter with the world of 3D 
protein structures came when building 

a model of the Bacillus-derived protease 
subtilisin as a postdoc researcher at the GBF 
in Braunschweig, Germany. 


Cartoon of subtilisin Carlsberg (PDB code 1CSE) 
displaying the secondary and tertiary structure 
and the water-accessible surface of the enzyme. 
The residues of the catalytic triad are shown as 
spheres. The key to the function of this enzyme 
lies in just three of the 275 amino acids. The 
atoms of these three residues are highlighted 
as spheres. The colors indicate the chemical 
elements, which make up the amino acids 

(red = oxygen, green = carbon, blue = nitrogen, 
yellow = sulfur, hydrogen is invisible). The three 
residues, aspartate number 32, histidine 64, 
and serine 221, are known as the catalytic triad 
of subtilisin. The side chain oxygen of serine 
221 actively breaks the peptide bond of the 
proteinaceous substrate, while the two other 
residues of the catalytic triad assist this bond- 
breaking process by shuffling electrons. 


Subtilisin is widely used in the detergent 
industry for the removal of protein-based stains 
like eggs, milk, or blood. The figure above 
gives an idea of the subtilisin 3D structure. The 
picture shows a cartoon of this 275-amino-acid 
protein. It contains a central beta-sheet system 
flanked by alpha-helices on either side. In this 
view, we are looking into the active site of 

the enzyme. As can be seen, it is wide open 
and easily accessible for the substrates. This 
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feature might be the reason why subtilisin is so 
effective against the various proteins normally 
found in laundry stains. 


Solid knowledge of the structure of proteins is 
essential to much protein engineering work. 
"Protein engineering" is the combined use of 
several techniques of modern biotechnology 
to modify the properties of natural (wild-type) 
proteins, mainly enzymes. 


Parallels can be drawn between protein 
engineering and a traditional mechanical 
engineering process like the design and 
production of cars. Car designers propose 
variations on a prototype car. Some engineers 
produce the cars, while other engineers test 
the new prototype: is it suitable for racing, the 
transport of goods, or as a family car? 


Protein designers propose modifications of a 
wild-type enzyme. Molecular biologists then 
instruct a host cell to produce the modified 
enzyme, which is subsequently tested by 
biochemists. This is done for several variants 
until the most suitable enzymes are selected 
for mass production on an industrial scale. 
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Protein engineering has been shaped by 
several technologies, most importantly by 
those developed in molecular biology. 


The discovery of DNA-polymerases, which 
catalyze the polymerase chain reaction (PCR), 
was the biggest step forward in protein 
engineering. PCR enables protein engineers 

to modify genes to the specifications of 
protein designers to yield the desired proteins. 
Conversely, the DNA copying process in vitro 
can be deliberately disrupted to obtain a range 
of variants of the gene in question, which can 
then be introduced to various host cells and 
thus produce protein variants for test purposes. 


In parallel, rapid changes took place in a 
completely unrelated field that had a bearing 
on protein engineering—the IT revolution. 
Faster and ever faster computer systems 
enabled more and more scientists to elucidate 
3D protein structures and evaluate them on 
Screen or with computerized data analysis 
tools in order to plan changes in a protein. 


Subtilisin crystals. 


Two main approaches are used in modern 
protein engineering: The first is the random 
generation of multiple mutations in a gene, 
Which are then screened for desirable 

changes in the properties of the protein. 

The alternative approach is called "Rational 
Protein Engineering." Structural and functional 
information about the protein in question is 
analyzed to predict successful mutations. 


The use of random mutation technologies 
has been dubbed "Directed Evolution." 


Directed evolution techniques in protein 
engineering can be described as the man- 
made version of natural evolution. In this 
process, the protein engineering team 
generates a library of variants of the target 
protein by using molecular biology tools. This 
library is then screened for variants showing 
the desired properties. One of the improved 
variants is taken as the basis for a new cycle 
of mutagenesis, screening, and selection. This 
process of variant generation, screening, and 
selection is repeated until a variant of the 
protein has been identified that fulfills the 
criteria for the successful use of the enzyme. 


Protein glue 7 


Rational protein engineering uses a 
knowledge-based approach, i.e., scientists 
in a protein engineering project determine 

the three-dimensional structure of the 
enzyme (with X-ray crystallography or NMR 
techniques). The 3D structure sheds light on 
the function of the various amino acids of 

a protein. The 3D structure often reveals a 
protein-substrate or protein-inhibitor complex. 


A thorough biochemical investigation further 
clarifies the relation between the structure 

and function of the investigated enzyme. This 
information is used to produce targeted mutations 
in the enzyme. These are then painstakingly 
analyzed to identify the most successful mutations 
and develop strategies for further mutations. 


In practice, many protein engineering 
projects rely on a combination of both 
approaches, as they complement each other. 


Active site of the native (PDB code 1CSE, left) and the oxidized (PDB code 1ST2, right) form of subtilisin. 


The residues 221 and 222 are shown as spheres. 


The groundwork for protein engineering 

has been done through academic research. 
Once the fundamental techniques had been 
developed, academic researchers began to 
use protein engineering to further study and 
analyze the catalytic mechanisms of various 
enzymes. They were thus able to explain and 
identify general principles for the stability of 
proteins and get insight into the mystery of 
the surprisingly fast protein-folding process. 


While I was still finding my way into 

protein engineering, my future colleagues 

at Genencor (Scott Power, Tom Graycar, 
and Rick Bott), then working for Genentech 
in South San Francisco, CA, were able to 
demonstrate the effectiveness of rational 
protein engineering by improving subtilisin for 
detergent applications. 


A loss of enzyme activity had been observed 

in the presence of bleaching agents in a 
detergent formulation. The bleaches used in 
detergents are oxidizing reagents like hydrogen 
peroxide or peracetic acid. The enzyme lost 
about 8076 of its original activity during the 
washing process. Apparently, this partial 

loss of enzyme activity was caused by the 
presence of bleach. This would explain why 

it underperformed when it came to removing 
protein stains. To support this hypothesis, 

the enzyme was incubated with hydrogen 
peroxide. Again, it lost 80% of its activity. 
Finally, the researcher Rick Bott isolated the 
oxidized subtilisin, crystallized it, determined its 
3D structure, and compared it with the crystal 
structure of the native (nonoxidized) subtilisin. 


The figure (above) shows the small, but 
significant differences around the active site 
in the two enzyme structures. On the right-hand 
Side of the picture, an extra oxygen atom is visible 
on the sulfur atom of methionine at position 222, 
which is next to the active site serine 221. 


An experienced observer will notice that the 
side chain (indicated by the red sphere of the 
oxygen atom) of the serine adopts a slightly 
different position in the oxidized enzyme. 


This minor displacement, which is caused by a 
hydrogen bond between the sulfoxide (oxidized 


sulfur) of methionine 222 and the alcohol 
function in the side chain of serine 221, is the 
reason for the loss of catalytic efficiency. 


When methionine was replaced by one of the 
other 19 amino acids, the resulting variants 
turned out to be bleach-resistant and produced 
better stain removal results in bleach-containing 
detergents than the wild-type enzyme. The 
procedure was repeated for other detergent 
enzymes and led, e.g., to the development of 
bleach-resistant o-amylases (for degrading starch). 


As the example about bleach stabilization 
of enzymes suggests, protein engineering 
efforts in the industry focus very much on 
the applicability of enzymes in technical 
processes. In many cases, the wild-type 
enzymes are not suited to the often-harsh 
conditions in technical applications. 


The synthesis of intermediates is another 
area of major interest, mainly for the production 
of drugs in the pharmaceutical industry. The 
interest of the industry focuses mainly on the 
capability of enzymes to catalyze enantioselective 
synthesis resulting in enantiopure compounds. 


Enzymes are not enantioselective toward 

all substrates, especially if the substrates are 
not the “natural substrates” of the enzymes. 
Protein engineering techniques are used to 
make these enzymes enantioselective toward 
he nonnatural substrates. Thus, the synthesis 
is directed toward the desired version of the 
Wo enantiomers of a compound. 


Protein engineering has been used to improve 
he efficiency of many enzymes for industrial 
applications. These improvements were 
mainly driven by the wish to make enzyme 
usage more cost effective. 


An underestimated side effect of protein 
engineering in the industry is the 
tremendous savings in energy and raw 
materials due to enzyme production. 


In a life cycle assessment, it has been shown 
that the improved performance of a detergent 
protease through protein engineering in 
combination with an optimized microbial 
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production system led to a more than 10-fold 
reduction of all relevant input parameters like 
energy and raw materials. Consequently, the 
waste stream consisting of carbon dioxide, 
water, inorganic salts, and cell mass was 
reduced more than 10-fold as well. 


Protein engineering is a modern research 
discipline of biotechnology. It has deepened 
our understanding of the relationship between 
the structure and function of proteins. 


This work, which was initiated in a university 
context, yielded results that were soon 
adapted for commercial purposes. Protein 
engineering has certainly paved the way 
for the use of more and more enzymes in 
industrial processes. I believe that we are 
only at the beginning of enzyme usage 
in industry. Other industrial sectors, like 
the pulp and paper industry or the cosmetic 
industry, need still to be convinced of 

the economic and other advantages that 
enzymatic catalysts have to offer. 


The most convincing argument for the 
introduction of new technology is the 
demonstration of the benefits of new 
technology in comparison with traditional 
methods. The coming years will see increasing 
use of enzymes tailor-made by protein engineers. 


Wolfgang Aehle worked as a senior 

scientist for Protein Engineering at Genencor 
International, a Danisco Company, before 
joining the BRAIN AG Zwingenberg, Germany, 
where he was in charge of performance 
proteins and enzymes. He retired in 2019. 
After finishing his PhD in Organic Chemistry, 
he discovered the beauty and excitement of 
working with protein 3D-structures during 

his postdoc period on molecular modeling 

of subtilisin at the GBF in Braunschweig 
(Germany). Aehle further pursued his career in 
the industry as a protein engineer. He focused 
his work on a significant number of industrial 
enzymes. The main goal of his work is to 
improve enzyme function in the industrial 
environment. His work has been documented 
in numerous scientific publications and patent 
applications. He is the editor of the handbook 
“Enzymes in Industry.” 
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ИШЕГЕ BIOTECHNOLOGY FOR BEGINNERS 


Box 2.10 Fructose Syrup 


The first purely chemical attempts to 
isomerize fructose using technical catalysts at 
a high pH level were unsuccessful, resulting 
in dark and nasty-tasting by-products. These 
would have been very expensive to remove. 


In 1957, xylose isomerase was discovered, 
which has the ability to isomerize not only xylose 
into xylulose but also glucose into fructose. 

As this additional activity of the enzyme has 
become the focus of commercial interest, it is 
nowadays often called glucose isomerase. It is 

an intracellular enzyme obtained from various 
microorganisms, e.g., Streptomyces spp. 


contained only 15% fructose, and it became 
clear that the glucose isomerase process 
could only be economically viable if the 
expensive enzyme could be reused. 
Fortunately, glucose isomerase is an ideal 
enzyme to be immobilized, as it is stable 

at high temperatures, and the substrate 
(glucose), as well as the product (fructose), 
consist of very small molecules, so when the 
immobilized enzyme is packed into columns, 
diffusion problems are negligible. As 
glucose and fructose molecules do not carry 
electric charges, glucose isomerase could be 
bonded to charged cellulose derivatives as 
carrier material. Otherwise, both substrate 
and product would bind to the carrier. 


firm Novo Industry A/S was developing a 
more cost-effective method of producing 
glucose isomerase that required no addition of 
cobalt and could withstand the high pressures 
of industrial reactors. The columns of these 
reactors could be over seven yards high. 


In 1976, 750 tons of immobilized glucose 


Transport of fructose syrup in the United States. 


The first enzymatic glucose isomerization 
process was patented in the United States in 
1960, and in 1966 Japanese researchers in 
Chiba City described an industrial process that 
uses soluble glucose isomerase. The industrial 
isomerization process of glucose results in a very 
sweet mix of glucose and fructose which can be 
used as syrup instead of crystalline sucrose. 


In the United States, the Clinton Corn 
Processing Company started producing 
glucose/fructose syrup using glucose 
isomerase in 1967. Initially, the syrup 


Fig. 2.30 In Japan, amino acids 
are added to fitness drinks. 
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In 1968, the Clinton Corn Processing 


Company introduced a discontinuous fructose 


production method using immobilized 
enzymes which yielded 42% fructose. In 


1972, a continuous process using immobilized 


glucose isomerase was developed. 


However, while it was important to have found 


a technological solution, its breakthrough 
depended on the market price of sugar. 


In the 1960s, the sugar price was 15—20 US cents 
per kg, and it was impossible to produce fructose 
syrup more cheaply than that. At that time, the 
enzymatic production process was still fraught with 
problems and drawbacks. Not only was it necessary 
to overcome preconceptions within the industry 

but also a whole new production method had to be 
developed. A complex system of pressure filters and 
an apparatus for the removal of cobalt, a heavy metal 
used as an enzyme stabilizer, had to be developed. 


When, in November 1974, the sugar 
prices climbed to $1.25 per kg, 
isomerization suddenly became a very 


Another soluble enzyme is making inroads on the ani- 
mal food market. Phytase (Box 2.7) cleaves phosphate 
groups from forage grain, helping to reduce the need for 
expensive phosphate additives and thereby also reduc- 
ing the phosphate rate in chicken and pig excrements 
to a more environmentally compatible level (Fig. 2.35). 


ш 2.13 Making Use of Cofactor 
Regeneration — Enzyme Membrane 
Reactors 


The development of enzyme membrane reactors 
(EMRs) which use cofactordependent enzymes opened 
up a new era in enzyme application. The used-up cofactors, 


attractive alternative. At that time, the Danish 


isomerase were produced in the United States 
alone, enabling the production of 800,000 
tons of 42% fructose syrup. When sugar 
prices fell again to 15 cents per kg at the end 
of 1976, the new production method was 
already well established, and fructose syrup 
was being produced at a lower cost than that 
of sucrose. In 1978, further progress was 
made and due to a new separation procedure, 
the fructose content went up to at least 55%. 
It was only 15-25% more expensive than 

the 42% syrup and was suitable for acidic 
drinks such as Coca Cola (pH value 3.0) that 
required a syrup of at least 5576 fructose to 
replace sucrose. This opened the doors to the 
use of fructose syrup in a huge market. 
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Sugar prices from 1972 to 2012 (in US сепіѕ ЛЬ). 


which would be very expensive to replace, are enzymati- 
cally regenerated in a continuous process (Box 2.11). 


In membrane reactors, cofactordependent (NADH) 
amino acid dehydrogenase and formate dehydrogenase 
FDH, used in the regeneration of cofactors) are 
placed side by side between ultrafiltration membranes 
hrough which substrate solution is passed. The enzymes 
cannot penetrate through the membranes. To prevent 
low-molecularweight cofactors from leaving the reac- 
ion chamber, polymer carriers (polyethylene glycol, 
PEG) are bound to it, retaining it by virtue of their much 
larger molecular size. With the participation of the co- 
factor, amino acid dehydrogenase converts keto acids 
into L-amino acids (Fig. 2.37), which diffuse through the 
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through glucoamylase 
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membranes. The once so-expensive cofactor NADH is 
oxidized to NAD* and thus is no longer useful to the en- 
zyme. However, the other enzyme trapped in the reactor 
chamber, formate dehydrogenase, has the ability to turn 
cheap formic acid into CO, and reduce NAD* to NADH 
in the process. NADH, the expensive cofactor, has been 
restored and can be reused (Box 2.12). 


But nutritionists warn about HFCS. Some believe it 
causes obesity. 


The concept of the regeneration of cofactors in an 
EMR, brainchild of Christian Wandrey (Box 2.12), 
Maria-Regina Kula, and Frits Bückmann from Jülich 
and Braunschweig in Germany, proved successful. Over 
a period of 90 days, each of the molecules in the bio- 
reactor was regenerated 700,000—900,000 times from 
NAD* (Fig. 2.37)! 


B 2.14 Immobilized Cells 


Not only enzymes but entire cells can be immobilized. 
Japan has been pioneering research in the field. Ichiro 
Chibata and Tetsuya Tosa (Fig. 2.23), who worked 
for Tanabe Seiyaku in Osaka and were in the vanguard 
of enzyme immobilization, developed a cell immobiliza- 
tion application in 1973. 
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Fig. 2.31 How fructose syrup 
is obtained from starch. The 
involved enzymes are shown 


below. 
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Some experts recommend 
taking a spoonful of fructose 
after a good night out. Some 
people, however, have a 
fructose intolerance that could 
even be fatal. It is safer to take 
in fructose in honey or jam or 
fresh fruit. 


40 


20 


In the liver, fructose is broken 
down by fructokinase 10 

times faster than glucose by 
hexokinase. In the process, 
cofactor МАО” is produced, 
which is indispensable for the 
degradation of alcohol (by 
alcohol dehydrogenase and 
acetaldehyde dehydrogenase). 


И carrier 


ЮВ Enzyme 
И Substrate 


|... Product 
purification 


Alcohol and hangover-causing 
acetaldehyde are broken down 
much faster. 


Fig. 2.32 Production cost of fructose syrup using soluble glucose 
isomerase compared with the cost of using immobilized glucose 
isomerase. 
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Fig. 2.33 The first industrial- 


scale process using an Chemical er 
immobilized enzyme (1969, DEAE synthesis Шо wes 
Tanabe Selyaku, Japan). Sephadex 


Aminoacylase is used to carrier 
separate synthesized -acetyl 
amino acid into physiologically 
active 1-атїпо acid which, 

not being easily soluble, is 
crystallized out. Inactive acetyl 
a-amino acid is converted back 
into the starting mixture by 
chemical or thermal means. 
Gradually, all of the starting 
material can be used up in the 
process if it is appropriately 


N-Acetyl-b, L-amino acid 


Kwater 


carried out. 
N-Acetyl-b-amino acid 
(physiologically inactive) 
? © 
(-C00) By-product: 
L-Amino acid acetate 
Product: L-amino acid 
(physiologically active) 
© Precipitation === End product: L-amino acid 


Relative cost in 96 


It enables killed-off cells of Escherichia coli enclosed in 
gel to synthesize 600 tons of the amino acid aspartate 


Soluble from fumaric acid (see also Chapter 4). 
amino 
acylase It took 120days for the Ё. coli bacteria to lose half of 
100 . their activity, compared to free cells that had a half-life 
HR pun шуна Immobi- of just 10 days. Using immobilized cells lowers produc- 
Kong kitten, enjoying a bowlful 80 lized tion costs to 60% of the cost of using free cells. The 
of lactose-free milk, produced amino cost of using catalysts drops from 30% in the use of free 
using immobilized lactase acvlase cells to 3% and the cost of labor and energy by 15%. A 
еН : eina ё 60 = 1,000L column reactor yielded nearly 2 tons (!) of 
and galactose. Cats can digest L-aspartate per day. Amazing! 
this milk much better. 40 
The oxidized cofactor NAD* is bound to the large 
20 water-soluble PEG molecule and is thus retained in the 
reactor. 

9 It is continuously reduced by FDH and thus regenerated 

to be used by L-amino acid dehydrogenase. 

m Energy a Staff Immobilized microorganisms are an obvious choice 
lates compan ied T E Immobi- Ш Enzyme for processes involving several steps such as alcohol 
EH ond dus iis lization production with yeast. The ethanol is obtained anaer- 
aminoacylase. B Substrate Obically from glucose in a multistep reaction involving 
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Fig. 2.36 Immobilized yeasts produce 
ethanol and measure water quality. 


Immobilization, i.e., the fixation of cells 
onto a carrier, in ethanol production has 
several advantages. The cells can be 
reused and have an extended lifespan. 
As the desired end product is largely 
free of biological compounds and cells, 
some of the conventional purification 
steps are not needed. 


One of the most common 
immobilization methods is the inclusion 
of cells in gels where a cell suspension 
is mixed with gel-forming substances. 


Alginate is a product of marine algae 
that is used by the food industry for the 
preparation of gels. In the presence of 
calcium ions, it forms a firm, stable gel 
structure. Alginate beads are produced 
by adding drops of an alginate-cell 
mixture to a calcium chloride solution. 
The penetrating calcium ions cause the 
alginate to gel and entrap cells such as 
yeast cells in the process. 


Small molecules such as glucose can 
pass through the gel pores to reach 
the cells while their metabolic products 
(alcohol and carbon dioxide) can exit 
the beads. The living yeast cells remain 
intact. 


In order to tightly pack the alginate 
beads with cells, the yeast cells are 

first encouraged to grow by the ample 
provision of broth and oxygen. Once 
the available space in the beads is filled 
with cells, the beads are layered into 
acolumn bioreactor. Glucose solution 
flows through the reactor, providing the 
immobilized cells with a substrate. As 
oxygen is in short supply now, the yeast 
cells ferment the glucose into alcohol. 


The alcohol and gaseous CO, exit 
the beads. Pilot plants working with 
immobilized cells have been able 

to produce alcohol from glucose 
continuously for months on end. 


Plant and animal cells can also be 
immobilized in a similar way. 


Microbial sensors 


Not only beads but also films containing 
immobilized cells can be made and 
used, e.g., as membranes in biosensors. 
The Arxula yeast is immobilized and 
used to measure the biochemical 
oxygen demand in wastewater 
biosensors (see Chapter 10). 


The respiration of yeast cells 
immobilized in a polymer membrane 
is measured by an oxygen sensor. 

If the water does not contain any 
biodegradable compounds (clean 
water), the yeast will not ingest any 
nutrients and thus will not use up any 
oxygen. 


The biosensor is able to deliver results 
within 5 min, whereas conventional 
monitoring takes 5 days. 


Very efficient and help to protect the 
environment! 


ENZYMES 


Immobilized Arxula yeast cells, still 
growing. 
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Box 2.11 The Expert's View: The 
Quest for Enzymes —A Journey of 
Discovery 


Finding the right enzymes for a particular 
technical application is not an easy task. After 
all, the enzyme we hope to discover must 
have all the properties that allow us to use it 
without any further modification. 


Specifications for an enzyme are determined 
not only by physical conditions such 

as pH, temperature, or the presence of 
organic solvents but also by the desired 
catalytic properties, such as substrate 
range, stereospecificity, or the speed of the 
reaction. The most important question, 
however, is whether a potential candidate 

is able to catalyze the desired reaction 
and whether the technical application will 
produce the desired effect, such as removing 
stains from household laundry in the washing 
machine. It, therefore, makes sense to write a 
functional specification manual listing all the 
properties required for efficient catalysis. The 
desired functionality will figure in large letters 
on the page of the specification manual, 
while the remaining pages describe further 
properties that the ideal biocatalyst for the 
application in question should have. 


Establishing such a functional specification 
is the first step in the search for a new 
enzyme. The search itself is sometimes quite 
an adventure, reminiscent of the expeditions 
explorers undertook in times gone by. 
However, new technology leaves less and less 
room for adventure, as the following sections 
will show. Some researchers may find this 
regrettable, but the quest for new enzymes 
has lost nothing of its appeal and excitement 
for modern biotechnologists, and the results 
may still hold many surprises. 


Where are enzymes to be found? 


All enzymes originate from living organisms 

or viruses—after all, enzymes are the catalysts 
of life. The conventional way of discovering 
enzymes is by growing organisms and then 
isolating enzymes in some way from parts of 
plants, animal organs, inside of microorganisms, 
or in their immediate environment. 


Not surprisingly, the first enzymes used by 
humans were enzymes isolated from 
animal and plant extracts, such as the 
protease papain from papaya fruit or rennet 
from calves’ stomachs. However, most 
technical enzymes nowadays originate from 
microorganisms. 


If you think of the huge diversity of 
microorganisms and their habitats, this is 

only logical. Microorganisms are incredible 
survivors in environments that seem 
inhospitable and uninhabitable to us humans. 
They have been detected literally everywhere 
in the world, in freezing Antarctica, in hot, 
acidic spring water on the slopes of volcanoes, 
in the alkaline lakes of the Rift Valley in 


Fishing for enzyme-producing microbes. 


Kenya, in the black smokers in the dark 
depths of the oceans, and even in ancient 
rock deep in the crust of the Earth, where 
they cannot have been in contact with today’s 
flora and fauna for thousands of years. No 
wonder the greatest variation in physical 
properties is found in the enzymes of 
microorganisms. 


Many researchers travel all over the 

world to collect samples and check them 

for microorganisms that may contain 
compounds and enzymes worth isolating and 
characterizing. Although the equipment and 
traveling circumstances of modern explorers 
may be reminiscent of past expeditions, there 
is a fundamental difference: Scientists no 
longer exploit the resources of other countries 
but cooperate with scientists on location and 
respect the rights of the indigenous populations. 


The principle applies that the biosphere 
and its products remain the property of 
the local population. It was agreed upon 
at the UN Conference on Environment and 
Development (UNCED) in 1992 within the 
framework of the International Convention 
on Biodiversity. 


How are enzymes discovered? 


In principle, the search for an enzyme is 
quite straightforward. It involves culturing 
a microorganism, isolating a protein 
fraction, and carrying out experiments to 
see whether the isolate contains an enzyme 
with the desired activity. This phase in the 
search for an enzyme usually requires many 
experiments, as the chances of finding an 
enzyme with the desired effect in a technical 
application are very slim. Conditions in the 
organism’s natural environment are usually 
not comparable to those in a technical 
process, either physically or chemically. 


It is, however, possible to reduce the 
number of exclusion experiments by 
carefully choosing the organisms 

to be investigated. For instance, only 
microorganisms from alkaline lakes could 
be investigated to find an enzyme for the 
detergent industry, which is expected to 

be active in alkaline washing liquor. When 
isolating microorganisms, it would make 
sense to isolate only those organisms that 
act on the target substrate. This can be done 
by taking samples from places where the 


substrate occurs naturally. In the search for a 
cellulose-degrading enzyme, one such habitat 
could be the stomach of termites. Termites 
are dreaded for their ability to chew up and 
digest entire timber houses—a feat performed 
by the microorganisms in their stomachs, 
which catalyze lignocellulose into nutrients 
for themselves and their hosts, the termites. 
Similar symbiotic communities of microbial 
cellulose-eaters inhabit the stomachs o 
ruminants, and in both habitats, cellulose- 
degrading enzymes were discovered. 


Another route to the discovery of an enzyme 
that degrades a substrate under defined 
conditions would be to use the target 
substrate as bait. 


For cellulose degradation, a cotton rag is put 
in an alkaline lake to catch microorganisms 
producing alkaline cellulases. The 
microorganisms that settled on the rag are 
then isolated and investigated, looking at 
their ability to degrade cellulose in alkaline 
conditions. This enrichment strategy has 
been very successful and has resulted in the 
discovery of many industrial enzymes. 


Identifying the organisms producing them is by 
no means the end of the search for enzymes. 
Now comes the slow process of finding the 
enzyme that showed the desired effect in the 
experiment, and, of course, the search for the 
gene that carries the genetic information for 
the enzyme production. All these steps take 
time but are usually successful. Most of the 
enzymes that are now used in large quantities 
were discovered using these methods. 


However, in the process, researchers have 
also unwittingly restricted their options. 


The fact that an organism must first be 
cultured in a laboratory for an enzyme to 

be detected puts a limit on the diversity of 
available organisms. A microorganism can 
only be cultured if information about its living 
conditions (temperature, pH, nutrients) is 
available. If, however, it is not even certain 

if an organism exists, its living conditions in 
the lab cannot be established in advance— 
quite a dilemma! Normally, the culturing 
conditions chosen resemble those in which 
microorganisms in a human environment 
thrive. These were the conditions under which 
the first microorganisms were identified. 


The preferred temperature was set around 
37°C, the pH was kept neutral, and the 
nutrient medium contained substances that 
occurred where the first microorganisms were 
found—such as milk components. 


This looked like quite a successful strategy 

at first, as the number of newly identified 
organisms rocketed. Only later were organisms 
found in places that had been thought to be 
simply uninhabitable. We now know that 
there are microorganisms that are just as 
happy in boiling water as others would be at 
around freezing point. The diversity of possible 


nutrient mixes seems to be without limits. Such 
enormous variety in living conditions makes 

it next to impossible to offer suitable living 
conditions to all organisms, and it is thought 
that currently, humans are able to grow less 
than 1% and probably even less than 0.1% 
of all microorganisms in lab cultures. 


In other words, 99% or even 99.9% of all 
organisms are not available in the search for 
new enzymes with traditional methods! 


New methods —Accessing the 
metagenome 


Like all fields of biotechnology, the search for 
enzymes now has methods at its disposal that 
were unthinkable just 20 years ago. 


We are now able to decode very quickly and 
efficiently the complete genetic information of 
organisms and their habitats. 


The sum of all genes in an organism is called 
its genome. АП genes that are found in 

a particular habitat—such as the termite 
stomach mentioned above—at the time of 
sampling make up the metagenome of that 
habitat. Genetic information from genomes 
and metagenomes is collected and updated in 
extensive public databases, where it is accessible 
o anybody via the Internet. With the help of 
these databases, the search for an enzyme can 
be carried out in silico, i.e., on a computer. 


An in silico search will yield genetic 
information about one or several enzymes that 
should be able to catalyze the target reaction. 


All that remains to be done is to synthesize 

he relevant gene so that a microorganism 

can produce it. Lab experiments will then 
show whether the enzyme indeed has the 
capability of catalyzing the target reaction. For 
a successful in silico search, it is, therefore, 
crucial to know right from the start what type 
of enzyme you are looking for. 


Here, the classification of enzymes into 
families that feature similar amino acid 


sequences is very helpful. Such families of 
"related" enzymes nearly always have similar 
spatial structures and usually catalyze the 
same chemical reaction. By the same token, 
an in silico search, based on this observation 
that led to the classification of sequence 
families, will only bring up variants of known 
enzymes. The search for an enzyme can be 
further enhanced by combining sequence 

and structural information, as described for 
protein engineering in Box 2.9. The same 
tool that helps to plan protein engineering 
experiments can be used to identify specific 
sequence motifs in an enzyme class to 

steer the metagenomic search (in silico and 
experimentally). Such specific sequence 
motifs help to reduce the number of potential 
enzyme candidates and consequently improve 
the chance of success in enzyme discovery. 


For the time being, technology does not yet 
allow us to make detailed predictions about 
the chemical and physical properties of an 
enzyme on the basis of its sequence. 


While we have vast amounts of data at our 
disposal, we are still unable to predict at what 
pH value and what temperature an enzyme 
will reach its optimal activity, what kinds of 
substances it will prefer, and how effectively it 
will catalyze a reaction. 


To explore the properties of an enzyme, it 
must still be synthesized and investigated in 
the laboratory. The importance of in silico 
searches for enzymes will increase in future, 
as sequence information in the databases 

is growing exponentially and our tools for 
making predictions about the properties of 
enzymes are becoming more sophisticated. 
However, the restriction remains that 

only variants of known enzymes can be 
investigated in this way, as all predictions 
are based on what is known. 


Another development has revolutionized 
activity-based enzyme discovery by 
accessing the metagenome directly. It is 
now possible to isolate DNA from 
almost any environment and prepare 

it so that a host organism can produce 
these proteins from the thus isolated DNA. 
The host organism produces a wide range 

of enzymes from this DNA within a short 
space of time and makes them available for 
experiments. This allows researchers to scan 
the metagenome of habitat in an activity- 
based search for enzymes. 


What makes activity-based enzyme research so 
attractive is not only the fact that it is unaffected 
by the vast information stored in databases 

but also that once an active enzyme has been 
detected, its genetic information is readily 
identifiable, as it was inserted into the host 
organism by the researcher in the first place. 
Once the gene has been isolated and the DNA 
sequence (leading to the amino acid sequence) 
decoded, the type of enzyme can quickly be 
identified, and more enzymes can be produced 
for further investigations. If the experiments 


result in success, then it will be comparatively 
quick and easy to develop a production strain. 


Activity-based scanning of the 
metagenome makes it possible to find 
hitherto unknown enzymes. This comes at a 
price—scanning the nonpreselected diversity 
of such metagenome bases means that large 
quantities of samples need to be checked for 
the target activity before researchers hit the 
jackpot. Therefore, many laboratories have 
fully automated robots that can scan several 
hundreds of thousands or even millions 

of cloned samples in a day and identify 
promising candidates. 


What next in the search for enzymes? 


In a natural environment, the range of 
reactions catalyzed by enzymes is enormous 
and the conditions are just as diverse. The 
enormous quantities of DNA and amino acid 
sequences already stored in the relevant 
databases suggest that the number of 
candidates that could catalyze a reaction for 
technical purposes is virtually limitless. To 
Speed up the discovery process further, it 
Would be helpful if one could decide on the 
basis of the amino acid sequence of a protein 
whether it could catalyze the target reaction 
in a reactor under predefined conditions. 


With today's bioinformatics technology, 

it is possible to identify all genes and thus all 
proteins in a (meta)genome and to decide 
what type of protein it most probably is. If 
the protein identified in an organism is an 
enzyme, then scientists can often predict very 
accurately what reaction it catalyzes, what 
the chemical mechanism is, and whether the 
enzyme will require cofactors for the process. 


In the coming years, experimental data on 
enzymatic catalysis will widen our knowledge 
base and the catalytic properties of known 
enzymes will be linked to their amino acid 
sequences. Consequently, we will be able 

to predict more and more properties of 
proteins based on their amino acid 
sequence only. 


The discovery of new biocatalysts will 
take much less time than it does today. 

It will become routine to include protein 
engineering in enzyme product development. 
Our knowledge of enzyme application will help 
to repair probable minor deficiencies of a newly 
discovered enzyme before it hits the market. 


Although in the long run, most of the enzyme 
discovery work will move away from 
fieldwork into labs or even computers, 
for the time being, there is still scope for the 
adventurer type of scientist to enlarge our 
knowledge base. Without experimental field 
data, no reliable predictions on the structure 
and function of unknown enzymes can be 
made. Let's go into nature! 


Wolfgang Aehle 
See Box 2.0 for his vita. 
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Box 2.12 Biotech History: 
Christian Wandrey, the Enzyme 
Membrane Reactor and Designer 
Bugs 


Hermann Sahm, Maria-Regina Kula, and 
Christian Wandrey. 


In summer 1973, Prof. Karl Schügerl 
(1927-2018), doyen of chemical engineering 
in Germany, gave me the best advice I 

was ever given: “Wandrey, why don’t you 
do something totally different and study 
biotechnology with Professor Kula?” 


Maria-Regina Kula (born 1937), who 

was an authority in biotechnology already, 
agreed to meet me in a motorway restaurant 
somewhere between Hanover and 
Braunschweig. Timewise, this seemed to be 
the most economical arrangement. I went 
because I had been told to do so but did not 
expect much to come out of it. 


However, the meeting did have far-reaching 
consequences—the fact that nowadays the 
Japanese, the world champions of amino 
acid production, import l-methionine from 
Germany is just one of them. 


When I first visited Kula’s lab, I asked all the 
naive questions a chemical engineer might 


ask a biochemist. 


“Do these—what-do-you-call-them—enzymes 
really survive ultrafiltration?” 


Her reply could not have been more to the point: 
“Well, why do you think we are doing it?” 


“And can you run water over them to wash 
out impurities?” 


“Of course, you can!” 


The first EMR. 
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I see. And when you run substrate solution 
over the enzyme you should get a product. 
If you introduced a membrane, the product 
could be kept separate from the enzymes 
which could then be reused in the reactor. 


At that time, the immobilization of enzymes 
was all the rage. Enzymes were cross-linked, 
covalently bound, or embedded in gels (see 
main text, p. 53). The only trouble was that 
quite often, they lost their activity in the 
process. This is where our totally different 
approach came in. Due to the membrane, 
there was no need to interfere with enzyme 
activity, and yet the enzymes were separated 
from the product. The enzyme membrane 
reactor or EMR was born. 


The EMR had the additional advantage that it 
could be topped up with enzymes, something 
that could not be done with immobilized 


enzymes. 


Only later did I find out that Alan Michaels 
(after whom AMICON has been named), 
had published a similar idea in 1968, but 
never put it into practice. Unfortunately, our 
wonderful idea was not patentable. 


The Degussa EMR in Nanning. 


We first tried it out with aminoacylase, an 
enzyme that had been successfully immobilized 
by Ichiro Chibata at Tanabe Seiyaku in Japan 
on ion-exchange particles. It worked and 

the product in the ultrafiltered solution was 
quantified then with a flow polarimeter. 


Today, our first EMR prototype can be 
admired in the Deutsches Museum among 
the “100 most important technological 
inventions.” The notice says that the reactor 
produces 75% of the world's supply of L- 
methionine. This, of course, does not refer to 
the 10 mL prototype reactor! 


In 1981, the first EMR was launched in 
Konstanz, Germany. The German company 
Degussa opened an EMR plant with an 
annual production capacity of 500 tons of 
L-methionine in Nanning, China, in 2005. 


So, why can L-methionine not be produced 
through fermentation? Well, the biosynthesis 
of Scontaining amino acids is (as yet) too 
complicated. 


Coffee on the train and cofactor 
regeneration 


In 1976, when I had just been awarded 

my PhD, I sat on the train with Prof. Kula, 
sipping coffee on the way back from a 
conference on biotechnology. Somebody 

at the conference had suggested producing 
gluconic acid (see Chapter 6, p. 231) using 
glucose dehydrogenase. The only snag was 
that this required cofactor NAD*, which cost 
a fortune then and would have driven the 
cost of industrial gluconic acid through the 
roof (read about Warburg’s discovery of NAD 
in the main text, p. 43). 


While I was stirring my coffee, my thoughts 
went round in circles too—or should I 

say cycles? What about regenerating the 
cofactor? 


Well, it would be possible to regenerate the 
expensive cofactor NADH from NAD* using a 
dehydrogenase, Prof. Kula said, but there was 
something even better—FDH. Her colleague 
Hermann Sahm (born 1942) had found it in 
a yeast, Candida boidinii, and Maria-Regina 
Kula had purified it. 


FDH produces active hydrogen in the shape 
of NADH and СО». The gaseous CO, would 
be released from the reaction mix anyway, 
and formic acid was dirt cheap. The reaction 
was quickly scribbled on a napkin. 


HcooH. 5 ч ^ гж: Кароо 


е NADA. b 
6» ok rs 
vm NA» a $ 


The historical cup of coffee with the basic idea 
for cofactor regeneration scribbled on a paper 
napkin. 


The continuous release of CO; would tip the 
balance toward an increased production. 


Our enthusiasm grew by the minute: Better 
still, if we took ammonium formate, that 
would provide the nitrogen source for the 
reductive amination of alpha keto-acids 
(2-oxoacids in modern nomenclature). 


At that time, r-amino acids were produced by 
Separating racemates (p. 53), which yielded 
only 5076 and required further recycling. Our 
method, at least in theory, would yield 100%. 
It looked like what is nowadays called a win- 
win option. 


a-Keto acids, the starting material, are easily 
chemically synthesized. 


The Degussa team in Nanning (China). 


No sooner said than done—starting with leucine 
dehydrogenase, of which considerable quantities 
were sitting in Maria Kula's refrigerator. 


ves 
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To top it all, we produced not just natural 
essential leucine, but an artificial version 
called fertleucine. This "fake leucine" could 
be inserted into artificial peptides without 
infringing on their action. As they were not 
easily degraded by proteases in the blood, 
they would be more stable than natural 
peptides. This looked like a clever little 
money-spinner. 


So far so good, but what about those small 

АР* and NADH molecules that passed 
hrough the membrane along with the 
product and needed to be replaced rather 
han regenerated? One would need to 
augment their molecular weight considerably 
without affecting their solubility in water, we 
hought. A carrier was needed onto which 

АР could bind, but polystyrol or Sephadex 
globules were of no use because they did not 
dissolve in water. 


Coenzymes are transport metabolites, i.e., 
they function as shuttles between different 


enzymes and are highly mobile. They can be 
compared to a pendulum (see the cartoon). 


The solution was to bind NAD* to PEGs 
which are completely soluble in water. The 
late Frits Andreas Bückmann (1944-2001) 
of GBF Braunschweig knew the art of 
synthesis inside out. He bound NAD* to PEG, 
and it worked! 


The dehydrogenases coped with the carrier- 
bound, high-molecular-weight NAD* of 
approximately 20,000 Da because it was 
easily water-soluble. Like dogs chained to 
their huts, they behaved and remained highly 
reactive in their immobilized state in the 
EMR. 
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Nobel Prize winner Otto Heinrich Warburg on a 
German stamp: Warburg found the structures of 
NAD and NADP. 


So, to keep the picture of the pendulum: the 
NAD-pendulum is loaded with two hydrogen 
atoms by the FDH. It swings to the amino 
acid dehydrogenase, which picks the two 
hydrogens and uses them for synthesis. The 
"empty" pendulum swings back to the FDH 
and soon... 
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Soon, my students in Jtilich reported that they 
were able to use the coenzyme pendulum 
10,000 times, and later, they could even run 
30,000 cycles. 


I promised a bottle of German champagne 
to the student who would manage 
100,000 cycles. 


“What about a bottle of real champagne for 
200,000 cycles?” asked a smart female doctoral 
student. Okay, I went as far as paying for three 
bottles of champagne for 600,000 cycles. What 
a bright bunch of students I had! 


The future — The cell membrane 
reactor 


What does the future hold for EMRs? 


Ultrafiltration membranes have been developed 
to such a high standard that they can retain 
cofactors without the need for PEG. Besides, 
the price of NAD has fallen to 1 Euro per gram, 
so some loss of NAD will no longer hurt. 


However, microbial cells are still 
unsurpassed as EMRs. Some of them 

have been genetically engineered to express 
higher levels of the desired enzymes as well 

as regenerating enzymes for their cofactors. 

In one of our start-up companies in Jülich, 
they produce chiral alcohols. These designer 
bacteria could also be described as cell 
membrane reactors that work highly efficiently 
within technical membrane reactors. 


Back to Nature! 


AERA LARAN 


Christian Wandrey (born 1943) began his 
career as a doctoral student at the University 
of Hanover, Germany, and received his 

PhD in 1973. He was Assistant Professor 

in Hanover from 1974 to 1977 and then 
changed to the University of Clausthal. In 
1979, he was given a chair in Biotechnology/ 
Chemical Engineering at the University of 
Bonn and became Director at the Institute 

of Biotechnology at the Research Centre 
Jülich—posts from which he has now retired. 
Prof. Wandrey has published more than 

300 scientific papers, holds 100 patents, 

and helped several of his former students 

to set up their own biotech companies. He 
received prestigious awards like the Philip 
Morris Award, the Gauss Medal, and the 
Wöhler Award. 
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Box 2.13 The Expert’s view: The 
bioeconomy 


In 2016, when ratifying the climate 
protection agreement, the European Union 
committed to reducing its СО» emissions 

by 80-95% compared to 1990 levels by 
2050. Such an ambitious objective can only 
be achieved if consumers and, of course, 

all industry sectors come on board. In this 
context, climate protection is a key objective, 
but also abandoning the use of fossil carbon 
resources, which as we know are limited, 

so the industry had to look for alternatives. 
Today, around 92% of fossil resources go into 
the energy sector (heat, fuel, and electricity) 
and 8% into material use (mainly chemicals 
and some building materials). Germany’s 
chemical industry—the fourth largest in the 
world—is 87% dependent on petroleum, 
natural gas, and coal. Only 13% of chemical 
products are produced from animal fat, 
vegetable oil, cellulose, starch, and sugar. 
These include, for instance, supplements for 
food and animal feed, plastic, glue, cosmetics, 
and many other products. In the future, 

the chemical sector would like to produce 
significantly more products using renewable 
carbon resources, which include forestry and 
agricultural products such as fats and oils, 
and carbohydrates such as starch and sugar, 
straw, and wood (lignocellulose). These are 
supposed to be the sustainable resources 

of our future economy—bioeconomy, 

which will convert them into food and 
animal feed, energy, and chemical products. 
Industrial biotechnology holds the key to the 
sustainable production of specific chemical 
products as mentioned above, but also to 
precursors of chemical synthesis or energy 
carriers such as bioethanol. 


In many chemical companies, industrial 
biotechnology is well established, but 
currently, science is developing trailblazing 
technology that opens up new fields of 
application for biotechnology. But before we 
turn to these, let us describe a proven and 
established process. 


L-lysine 


The amino acid L-lysine is produced through 
fermentation at a scale of 1.2 million metric 
tons. It is an essential amino acid that 
ensures the sustainability and environmental 
compatibility of rearing pigs and poultry and 
is also indispensable for the production of 
medical injection solutions. Practically all 
microorganisms synthesize it from sugar, but 
Corynebacterium glutamicum has the added 
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Fig. 1 Production of PLA from sugar through 
fermentation and polymerization. 


advantage of an active excretion mechanism 
that takes lysine outside the cell. This 

makes this species the organism of choice in 
industrial production. The microorganisms 
are propagated in fermenters containing up 
to 500,000L of a sugar-containing culture 
medium. Each milliliter of the medium 
contains more than a billion bacteria. In 
other words, the entire fermenter contains 
10-10 cells that excrete lysine. Do these 
cells only synthesize lysine? Of course not. 
They also synthesize all other 20 amino 
acids to produce their own enzymes and 
biomass otherwise, they could not reproduce. 
However, industrial biotechnology wants the 
cells to prioritize the conversion of sugar into 
lysine. 


To that end, scientists use a trick. In the 
production strains, the biosynthesis pathway 
is modified so that the metabolism in the 
cell gives priority to lysine biosynthesis 

and only produces the other metabolites in 
quantities necessary for the survival of the 
cell. Aspartate kinase plays a key role in 
this. Lysine production becomes virtually 
unstoppable if aspartate kinase production is 
not inhibited by the presence of lysine. This 
mutation is present in all lysine-producing 
strains. 


To sum up—biotechnology exploits a natural 
metabolic pathway and modifies it in a 

way that makes the bacterial cells suitable 

for industrial production. This process 

has been long established, as there is no 

other way of producing L-lysine through 
chemical synthesis. There is no alternative to 
biotechnology. Evonik Industries, for example, 
is one of Germany's leading companies in 
L-lysine biosynthesis. 


PLA 


Similarly, lactic acid is a biotechnology 
product. Cells produce it naturally through 
sugar conversion—e.g., in yogurt. Just as 

in L-lysine, an overproduction of lactic acid 
can be achieved by modifying the metabolic 
pathways. In the USA, Cargill Dove, later 
NatureWorks, investigated the further 
chemical processing of lactic acid. In fact, 
actic acid is a suitable starting material for 
the chemical synthesis of the biopolymer 
poly-lactic acid, which is used, for example, 
in food packaging (Fig. 1). In Europe, Total 
Corbion is the market leader supplying PLA 
for applications in packaging, 3D printing, 
and more. The properties of the material 
are very similar to petroleum-based PET 
(polyethylene terephthalate). Thus, PLA has 
two important properties: firstly, it is the 


product of a combination of a biotechnical 
and a chemical process, secondly, this sugar- 
based plastic can replace other, petroleum- 
based polymers. 


PDO 


PLA gives us just a glimpse of the potential 
of biotechnology in the chemical industry, 
with a natural product of microorganisms as 
a suitable precursor for polymer synthesis. 
However, it lies in the nature of chemistry 
to come up with the synthetization of ever 
more molecules that are used in medical 
products, modern cars and aviation, 

as well as popular sports equipment. If 
iotechnology could only produce molecules 
found in nature, the limit of their application 
in chemistry would soon be reached. At the 
Fraunhofer Institute in Germany, scientists 
bio-synthesized 1,3 propanediol (РОО), 

a valuable basic material in chemistry, 
although the molecule is unknown to 
n 
h 


с 


ature. No cell in the world would therefore 
ave a metabolic pathway that could 

oduce PDO. The route so successfully used 
for lysine and PLA was barred. However, 
researchers at Dupont (USA) finally 
succeeded in combining known metabolic 
pathways in Escherichia coli in a way that 
made these cells convert sugar into PDO, a 
molecule completely new to nature 

(Fig. 2). Today, PDO is the starting material 
for textile and carpet fibers and is very 
successful on the market. 


el 


New genetic methods (e.g., CRISPR) 
provide tools for what is called synthetic 
biotechnology, which have the potential 
of widening the range of biotechnological 
chemicals remarkably in the future. The 
French company Global Bioenergies, 

for instance, is now well advanced in 

the production of the basic chemical 
isobutylene. 


All this has shown that sugar and other 
renewable resources have the potential to 
replace petroleum as an essential raw material 
in the chemical industry. 


Carbon resources 


However, as so often, one seemingly resolved 
problem can lead to another. Sugar and 
vegetable fatty acids are also food. If large 
proportions of it go into the production 

of energy and chemicals, there could be 

a problematic competition for the use of 
agricultural land for food and industrial 
applications. This is why the German 
Bioeconomy Council, the advisory board to 


Fig. 2 1,3 PDO is synthesized by Escherichia 
coli using gene sequences from Klebsiella 
pneumoniae and Saccharomyces cerevisiae. 


Corn starch, beet and cane sugar as well as 
their biomass and wood provide renewable 
feedstock. 


the German government, rightly demands 
that food production must have priority. The 
chemical industry itself has decided early on 
to rely on nonfood carbon sources. In that 
way, agricultural by-products such as straw 
and chaff can be used. This biomass consists 
of lignocellulose, which, in turn, consists of 
lignin and sugars with six (CÓ) and five (C5) 
carbon atoms. The sugars and the lignin can 
be chemically or biotechnologically separated 
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from each other and used separately. The 
released C6-sugars can be directly fed 

into established fermentation processes, 
whereas most production strains must still 
“be trained” to convert C5-sugars. Lignin, 
making up 20-30% of the carbon contained 
in straw and wood, is, however, very stable 
and can therefore currently not be used as a 
material, but only be converted into energy. 
However, research into the production of 
organic chemical products is already well 
advanced. As lignin and C5 and CÓ-sugars 
are also contained in wood, it is possible to 
build a bioeconomy around wood. Plants 
for the production of bioethanol, based on 
lignocellulose, are operating in the United 
States, Europe, India, and more countries. 
Corbion is planning the production of PLA 
on similar lines, while Global Bioenergies is 
working on lignocellulose-based isobutylene 
production. There is a large supply of nonfood 
biomass available to the chemical industry, 
although currently only 70-80% of carbon— 
the sugars—can be used. 


Again, a solution seems to appear on the 
horizon. Biomass can also be converted into 
syngas (СО, CO, H2), which uses up nearly 
100% of the carbon. Highly specialized 
microorganisms—e.g., clostridia—are able 
to build a complex variety of biological 
metabolites from such Cl-units. Could such 
organisms become the basis for a large-scale 
fermentation of chemical products? The 
production of ethanol on the basis of CO has 
already reached an industrial demonstration 
scale, while other products are under 
development (e.g., isobutylene by Global 
Bioenergies). 


Production based on biomass—would the 
next step not be to use organic waste—e.g., 
from household waste—to generate syngas 
or CO; from flue gas in the energy sector or 
CO from steel production and use carbon 
emissions from other industries? In fact, 
several demonstration plants are running 
worldwide, and the steel conglomerate 
Arcelor/Mittal is building the first industrial- 
scale plant in Ghent, Belgium, for the 
biotechnological production of ethanol from 


syngas. 


Value-added chain 


The revolutionary impact of such methods 
becomes evident in the changes seen in 
established industries. Who would have 
thought 20 years ago that the German wood 
processing industry would become a raw 
material supplier for the chemical industry 
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or that a steel plant in Belgium would in the food, energy, and chemistry With more than 
supply carbon to a fermentation process? sectors. In view of the size of our 30 years’ experience 
And such an industrial revolution is due to fossil-based economy, this is a huge in the chemical 
inconspicuous microorganisms and their challenge, especially given the demand industry, Manfred 
enzymes—the most important tools in for raw materials. Expanding the range Kircher is a 
industrial biotechnology! of biotechnologically useable resources, freelance advisor 
including primary (sugar, oils) and on industrial 
Such new value-added chains are already secondary (lignocellulose) biomass, and bioeconomy. His 
becoming reality (Fig. 3). Agriculture is gaseous carbon from various sources is a career milestones 
turning into a raw material supplier for the forward-looking contribution to a circular are research and 
chemical industry. There are established economy. However, in view of the growing development 
examples such as the initially described world population, access to bio-based (Degussa AG, Germany), production (Fermas 
products L-lysine, lactic acid, and 1.3 carbon sources could be restricted. It is S.I:0.; Slovakia), venture capital (Burrill & 
propanediol. These precursor materials therefore important to get the priorities Company, USA), partnering (Evonik Industries 
are taken up by the chemical industry and right. Food production must take first AG, Germany), and building the bioeconomy 
turned into intermediate products such as place. The so far largest carbon-consuming cluster CLIB (Germany). He chairs the 
PLA and PDO-based polymers that are then sector is the energy sector, where carbon- Advisory Board of CLIB (since 2014), serves 
converted into a variety of products by the free alternatives are available (solar, wind, on the Board of the bioeconomy association 
end producers—products we all enjoy and geothermal, hydropower, nuclear energy). “BioBall” (bioeconomy in a metropolitan 
appreciate as consumers. These must be used as much as possible. region; since 2019), has been appointed 
By contrast, the chemical industry is to the Advisory Board for Sustainable 
Priorities completely dependent on carbon. It should Bioeconomy of the German State Government 
therefore be the second priority after food. of Baden-Wiirttemberg (2020) and cochairs 
As mentioned in the beginning, the Only then can the bioeconomy secure food the Organics Valorization Section of the 
bioeconomy must satisfy future needs supplies, climate protection, and prosperity. European Federation of Biotechnology (EFB). 
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Fig. 3 The value-added chain in industrial biotechnology from renewable feedstock to consumer product relies on a wide range of industries. 
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Fig. 2.37 Working principle of an enzyme membrane 
reactor (EMR) for the production of t-amino acids (e.g., 
1-alanin). Cofactor NAD* is bound to high-molecular 
polyethylene glycol (PEG) and is thus retained in the 
reactor together with the enzymes. It is constantly 
reduced by formate dehydrogenase and thus 
regenerated for use by :-атіпо acid dehydrogenase. 
Modified after Wandrey. 


Fig. 2.38 Time-honored fermentation traditions 
combined with modern technology: yeast cells 
entrapped and immobilized in alginate beads provide 
a constant supply of alcohol for use in Japanese 
households (Japanese cartoon from the 19805). 


Fig. 2.39 An alcohol distillery in 1900 where amylases 
were already used to break down starch. 


Fig. 2.40 Contemporary ethanol plant in Japan where 
immobilized yeasts are used. 
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cofactorregenerating systems in yeast cells 
(Figs. 2.38 and 2.39). 


The Japanese firm Kyowa Hakko Kogyo 
Co. (Fig. 2.40) started a pilot project in 
1982, running five reactor columns with 
4m? capacity each, to continuously produce 
8.576 ethanol from sugar cane molasses. 
The reactor used living yeast cells enclosed 
in alginate beads (Fig. 2.36). Alginate is ob- 
tained from seaweed (see Chapter 7) and is 
also used as a gelling agent in the food indus- 
try. The pilot plant produced 2,400L of pure 
alcohol per day. 


The advantages of cell immobilization become 
apparent when comparing the productivity of 
their applications to conventional procedures. 
Itis about 20 times higher than that of conven- 
tional production (Fig. 2.41). 


Since the process can be run continuously, it 
is automated and computer-controlled, thus 
reducing labor costs. The ethanol plant stands 
here as a model for more sophisticated in- 
dustrial synthesizing plants. The future has 
begun! 


Cofactor 
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I think that enzymes are molecules that are 
complementary in structure to the activated 
complexes of the reactions that they catalyze, 
i.e., the molecular configuration that is 
intermediate between the reacting substances 
and the products of the reaction. 


The attraction of the enzyme molecule for 
the activated complex would thus lead to a 
decrease in its energy and hence a decrease in 
the energy of activation of the reaction and to 
an increase in the rate of the reaction. 


Linus Pauling (1948) 


Fig. 2.41 Rotating spiral waves of NADH during the 
glycolysis in cytoplasm extracted of yeast cells. 
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A starting point: http://en.wikipedia.org/wiki/Enzyme 


Our friend Prof. David Goodsell (Scripps Institute, La Jolla) who contributed most of the molecular 
graphics to this book, is running a homepage “Molecule of the Month” giving structures and details of 
biomolecules in a great way: http://pdb101.rcsb.org 


Enzymes—a fun introduction (4:46): https://www.youtube.com/watch?v=XTUm-75-PL4 
Enzymes: https://www.youtube.com/watch?v-yk14dOOvwMk 


BRENDA database created by Dietmar Schomburg (University of Braunschweig). A comprehensive com- 
pilation of information and literature references about all known enzymes: https://www.brenda-en- 
zymes.org 


10 Amazing Chemical Reactions Complication (H203 experiment) (16:43): https://www.youtube.com/ 
watch?v=CEhMqR2ZkCM. Do not try it yourself! 


Enzyme Structures Database links to the known 3D structure data of enzymes in the Protein Data Bank: 
http://www.ebi.ac.uk/thornton-srv/databases/enzymes/ 


Microbes—A look through Leeuwenhoek’s microscope: Brian J Ford found Leeuwenhoek’s microscope 
and samples and confirmed that he saw indeed the bacteria: http://www. brianjford.com/wav-mics.htm 


All about microorganisms: http://www.microbes.info/ 


Beer, bread, wine, cheese, fermented food. Extensive and mostly reliable information by Wikipedia, the 
Free Encyclopedia. For example, Wine: http://en.wikipedia.org/wiki/Wine 


World-wide Beer: https://www.kirinholdings.co.jp/english/news/2019/1224_01.html 


8 Self-Test Questions 


1. 


Why is it next to impossible for the 
metabolism of a cell to run without 


enzymes? 
Are biocatalysts always proteins? 


What strategies do enzymes use to lower 
the activation energy of reactions? 


In what way did David Phillips's lysozyme 
model modify Emil Fischer's lock-and-key 
hypothesis? What is meant by Koshland's 

idea of an “induced fit"? 


What are the advantages of immobilizing 
enzymes? Where are immobilized 
enzymes used? 


What are the most important industrial 
applications of enzymes? 


Why have Japanese washing machines not 
had a heating program for over 30 years? 


Why and through what process have 
cofactors in EMRs been regenerated to 
produce high-value amino acids? 


SO THAT'S WHEN I SAW 

THE DNA MODEL FOR THE FIRST TIME, 

IN THE CAVENDISH, 

AND THAT'S WHEN I SAW THAT THIS WAS IT. 
AND IN A FLASH YOU JUST KNEW 

THAT THIS WAS VERY FUNDAMENTAL. 


Sydney Brenner (1927-2019) 


(Nobel Prize for Medicine or Physiology, 2002) 


Watson and Crick' s DNA model, 
as reproduced in the Mendel Museum in Brno. 
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Fig. 3.1/ames D. Watson 
(b. 1928). 


Fig. 3.2 Francis C. Crick 
(1916-2004). 


Fig. 3.3 DNA double helix. 
Sydney Brenner described his 
first impression: “The moment 
1 saw the DNA model...I realized 
it is the key of understanding 
to all problems of biology.” 


Fig. 3.4 DNA polymerase. 
The template strand is shown 
in purple, the newly formed 
strand in green. 
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B 3.1 DNA—The Double Helix Is a 
Physical Carrier of Genetic Material 


At the heart of the biological revolution is the helix of 
life, or DNA—short for deoxyribonucleic acid. When, 
in 1953, the journal " Nature" published an article writ- 
ten by two young scientists, James Dewey Watson 
(b. 1928) and Francis Compton Crick (1916—2004), 
it was the end of a long search for the structure of the 
physical carrier of genetic material (Figs. 3.1 and 3.2). A 
simple but ingenious diagram of a double helix (Fig. 3.3) 
was included in the article. 


To put it simply, DNA could be compared to a twisted 
zipper that uses four different kinds of teeth—the four 
bases adenine (A), cytosine (C), guanine (G), and 
thymine (T). These bases are the components of nu- 
cleotides, the actual building elements of DNA. The 
nucleotides, in turn, consist of a sugar, a base, and 
a phosphate residue (Fig. 3.8). This is not only a 
space-saving arrangement, but it also makes the infor- 
mation accessible from all directions. 


Deoxyribose is the sugar carried by nucleotides. In 
contrast to ribose, the sugar of ribonucleic acid or RNA, 
deoxyribose lacks an oxygen atom at the 2' carbon. 
The backbone consists of a mix of deoxyribose and 
phosphate units. Thus, the sugars are interconnected 
via phosphodiester bridges. The four bases sit on the 
supporting backbone like teeth on the fabric strip of a 
zipper. What matters for genetic information is the se- 
quence of the bases. 


The teeth in a zipper are held together mechanically, 
while the bases on the DNA strands are held in place by 
molecular interaction. Hydrogen bonds form between 
bases lying opposite each other (Fig. 3.8). 


In 1950, Erwin Chargaff (1905-2002, Fig. 3.5) used 
chromatography to show that, in all organisms, ade- 
nine and thymine were always present in the same 
amounts, and the same applied to guanine and cytosine 
(Chargaff's rule) (Fig. 3.6). Now, the Watson and Crick 
DNA model offered an explanation: A bases and T bases, 
on the one hand, and C bases and G bases, on the other, 
are accurate spatial fits. G and C are held together by 
three, and A and T by two hydrogen bonds (Fig. 3.8). 
This base pair rule or Watson-Crick rule is a pre- 
requisite for the correct transfer of genetic information 
(Fig. 3.12). 


ш 3.2 DNA Polymerases Catalyze the 
Replication of the DNA Double Strand 


The reproduction of cells is the basis of any transfer of 
hereditary traits. Two cells develop from one cell, each 


of them carrying identical genetic information. In order 
to achieve this, the DNA must replicate, i.e., create 
an exact copy of itself before the cell undergoes mi- 
totic division. This is done by opening the DNA zipper. 
The two single strands separate, and the enzyme DNA 
polymerase (Fig. 3.4) locks onto the free ends to syn- 
thesize new DNA strands, thereby forming two new 
double helixes. 


DNA polymerase is an enzyme of the transferase cat- 
egory (see Chapter 2) and it has the ability to transfer 
entire chemical groups. It was discovered by Arthur 
Kornberg (b. 1918, Nobel Prize 1959), who isolated it 
from Escherichia coli. During the replication process, a 
free A-nucleotide attaches to a T-nucleotide provided by 
the cell, a free C-nucleotide attaches to a G-nucleotide, 
etc. 


While the "fronts" of the newly attached nucleotides 
are connected to the corresponding bases via hydrogen 
bonds, the polymerase binds the deoxyribose and phos- 
phate elements on their "backs" into a firm, supportive 
"backbone structure." 


DNA polymerase (Fig. 3.4) cleaves off pyrophosphate 
and catalyzes the formation of a phosphodiester bond 
between the 3'-OH terminus of the existing sequence 
and the 5’-triphosphate terminus of the newly attached 
nucleotide. 


To do this, the enzyme needs a template, which can 
be a single DNA strand or a partially separated double 
strand. 


Furthermore, the polymerase needs all compo- 
nents as activated precursor compounds, i.e., 
deoxynucleoside-5-triphosphates (dNTPs) and a 
double-stranded starting point or primer with a free 
3'-hydroxyl group (see also Chapter 10). 


The DNA polymerase shown in Fig. 3.4 displays 
dual activity. It attaches to a short single-strand section 
(nick) of an otherwise double-stranded DNA molecule, 
synthesizing a whole new strand (polymerase activ- 
ity) by progressively breaking down the existing strand 
(nuclease activity). Degradation and synthesis happen 
simultaneously, while the nick travels along the DNA. 
This is a troubleshooting device—wrongly placed nu- 
cleotides are being replaced, resulting in an incredibly 
accurate DNA replication at an error ratio of 1 error 
per 100,000,000 copied base pairs. Imagine retyping 
several thousands of novels and just making one single 
mistake! 


The polymerase molecule is shaped like a human right 
hand (Fig. 3.4). The space between the fingers and the 
right thumb is taken up by DNA, while the polymerase 
activity happens on the "index and middle fingers." In 


the center of the molecule, nuclease activity goes on: the 
proofreading of the newly attached nucleotides. Thus, 
two accurate DNA copies arise from one double helix, 
each of them a complete molecule. When the mother 
cell divides, these will be passed on to the two daughter 
cells (Figs. 3.5 and 3.6). 


The polymerases used in the polymerase chain re- 
action (PCR, see Chapter 10), an indispensable tech- 
nique in gene technology, are usually thermostable DNA 
polymerases obtained from the microorganism Thermus 
aquaticus, also called Taq polymerase. Thermus 
aquaticus, a member of the Archaea family, is found 
in places such as the boiling hot springs of Yellowstone 
National Park. 


ш 3.3 Not All Genes Are Encrypted 
in DNA: RNA Viruses Use 
Single-Stranded RNA 


The genomes of nearly all organisms consist of DNA. 


Some viruses, however, use RNA (ribonucleic acid) 
enclosed in a protein envelope. The tobacco mosaic 
virus (TMV), a tobacco leaf pathogen, consists of a 
single-stranded RNA molecule containing 6,395 nucle- 
otides and enclosed by a protein envelope consisting of 
2,130 identical subunits (Fig. 3.7). Its replication is cat- 
alyzed by an RNA polymerase. 


Another important category of RNA viruses are known 
as retroviruses. Their genetic information does not 
follow the usual flow from RNA to DNA, but travels 
"backwards" (retro). Retroviruses include the AIDS 
pathogen (HIV), coronaviruses, and some cancer viruses 
(see Chapter 5). 


They contain two copies of a single-stranded RNA. 
When entering the host cell, the RNA is transcribed into 
DNA by a viral enzyme called reverse transcriptase 
(revertase) (Fig. 3.36). 


The obtained double-stranded DNA is integrated into 
the host genome. The host cell then produces new 
viral RNA and new viral envelope proteins, which 
assemble to produce infectious viral particles (see 
Chapter 5). 


B 3.4 Deciphering the Genetic Code 


After the four bases had been identified as carriers of 
genetic information, the question arose as to how the 
information is coded in the base sequence. 


The first clue came in the 1940s when US geneticists 
George W. Beadle (1903-1989) and Edward L. 
Tatum (1909-1975) from Stanford University, in col- 
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laboration with Joshua Lederberg (b. 1925) from Yale, 
founder of phage genetics, postulated that the produc- 
tion of an enzyme is controlled by a gene. 


Enzymes are protein molecules, and it was thought 
that, e.g., the gene for the blue color of flowers con- 
trolled the production of the enzyme in control of the 
blue flower pigment. Beadle, Tatum, and Lederberg 
were awarded the Nobel Prize in Physiology or 
Medicine in 1959. 


However, the key question remained to be answered: 
in what way did the DNA assembly instructions con- 
trol the structure of proteins? Protein molecules 
come in various sizes and are all composed of just 20 
amino acids. The properties of a protein depend on 
the properties, number, and sequence of the amino 
acids they contain (as shown in the lysozyme example 
in Chapter 2). 


The instructions for the integration of amino acids into 
the protein must be contained in the DNA sequence 
and its familiar ACGT base “language.” The lan- 
guage of proteins is totally different—it is the language 
of amino acids—and the key that translates DNA into 
amino acids is called the genetic code. 


In the 1950s, the Watson-Crick double helix model 
gave rise to a lot of speculation about the nature of the 
genetic code. Four different bases encode the makeup 
of 20 different amino acids. It had to be a combination 
of several bases that carried the instructions for the 
integration of a particular amino acid into a protein. A 
combination of two bases would allow for 4x 4= 16 dif- 
ferent combinations—not enough to encode 20 different 
amino acids. Thus, a combination of at least three bases 
was required (triplets or codons)—4»x4»x4- 64. As 
only 20 and not 64 sets of instructions are required, it 
was assumed that several triplets control the integration 
of one single amino acid. This code is referred to as 
“degenerate.” 


At the end of the 1950s, it was also known that proteins 
are not produced directly on the DNA. The genomic 
DNA of prokaryotic bacteria floats freely in the plasma, 
while eukaryotic DNA is tightly lined up in the nucleus 
(Figs. 3.16 and 3.17). Eukaryotes contain not only ge- 
nomic DNA, but also mitochondrial and, in the case of 
plants, chloroplast DNA (ctDNA). Proteins are formed 
in the cell plasma outside the nucleus in specific protein 
factories known as ribosomes. 


There must be a nucleus-to-ribosome transfer. How does 
the information contained in nuclear DNA get to the 
ribosome in the cell plasma? It is done very economi- 
cally—via a messenger. 


Fig. 3.5 Erwin Chargaff 
(1905-2002). 


@ Adenine 

| Thymine 

B Cytosine 

Bi Guanine 
Fig. 3.6 Composition of human 
DNA. The distribution of the 
bases A, T, C, and G is given in 
percentages, demonstrating 
Chargaff s rule. 


Fig. 3.7 Structure of the 
tobacco mosaic virus (TMV) 
with its protein subunits and its 
single-stranded RNA molecule. 
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Fig. 3.8 From DNA to protein. Top right: structure of Nucleotide 
the DNA double helix. Bottom right: transcription of 
the DNA base sequence into mRNA and subsequent 
translation into an amino acid sequence on the 
ribosome. 


5' Terminus 
"3 Phosphate group 


Fig. 3.9 RNA polymerase with newly 


synthesized mRNA. DS 5'End 
DNA- 
Mother 
strand mRNA Polypeptide 
F 5' 


Fig. 3.10 Marshall Nirenberg 
(right, 1927-2010) and Heinrich 
Matthaei (b. 1929). 
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ш 3.5 The Human бепоте— 
A Giant 23-Volume Encyclopedia 


5 A total of 3,080,268,401 characters, the 
! equivalent of 750 megabytes in digital infor- 
» " ERAT , | mation terms, make up the human genome. 
Ig. 3.11 Har GODIN orana (1922— м А : 
2011), Nobel Prize winner in 1968 with It would fill about 5,000 books the size of this 
Nirenberg and Holley. textbook or a single DVD. 
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Humans possess 20,687 protein-coding 
genes—less than expected! And each of the 
23 human chromosome pairs carries an av- 
erage of 1,000 different genes. 


The human genome could fill an extra-fat 
23-volume encyclopedia or 2,000 New York 
phone directories (see Chapter 10). 


Each volume (chromosome) of the encyclope- 
dia (genome) contains approximately 1,000 
protein-assembly instructions (genes) of vary- 
ing lengths. They are written in a strange 
three-letter word (codon) language in an 
alphabet that has no more than four letters. 


Some instructions only take up a few lines; 
others spread over several pages. 


Each of the protein assembly instructions (ex- 
ons) is interspersed with (so far) incompre- 
hensible sections (introns). 


Sometimes, these seemingly pointless inser- 
tions and repeats take up pages and pages. 
But, it is certainly not “junk”... 


Whenever there is demand for a certain in- 
struction (gene), the administration of the li- 
brary (i.e., the cell) produces а copy rather 
than handing over the enormously heavy vol- 
ume, and rightly so—it is invaluable! 


The single-stranded gene copy is called mes- 
senger ribonucleic acid or mRNA. 


The mRNA copy of a gene is chemically very 
close to the original. Like DNA, it has a back- 
bone of various sugar and phosphate units, 
and it binds to the same bases as DNA—A, C, 
and G. However, the place of thymine (T) is 
taken by uracil (U) wherever it would ap- 
pear in the DNA (Fig. 3.8). 


As the name suggests, the sugar in RNA is ri- 
bose, which differs from deoxyribose in DNA 
in that ribose has an OH group on its second 
carbon atom. 


When a cell requires a certain protein, it 
first produces an mRNA copy of the rele- 
vant gene DNA. In eukaryotes, the copy 
travels from the nucleus into the cell plasma 
to protein-producing ribosomes where the 
composition of the protein (Fig. 3.16) is con- 
trolled by mRNA. 


The process of copying a DNA section into 
mRNA is called transcription and largely 
resembles the copying process (replication) 
preceding cell division in the mitotic S 
phase. 


DNA polymerase is replaced by a different en- 
zyme that binds to the openings of the RNA 
"zipper" around the start of the gene. RNA 
polymerase (Fig. 3.9) provides the relevant 
prefab building blocks: 


e Uracil for DNA adenine 

e Guanine for DNA cytosine 
e Cytosine for DNA guanine 
e Adenine for DNA thymine. 


Incidentally, it is the irreversible inhibition 
of RNA polymerases through a-amanitin 
Fig. 3.13) that makes Amanita phalloides 
“Death cap”) such a deadly fungus that claims 
the lives of approximately 100 people every 
year. The poisoned cells are unable to pro- 
duce mRNA and thus cannot make proteins 
Fig. 3.14). 


B 3.6 The DNA Code 
Deciphered —Artificial RNA 
Decodes the Codons 


The working principle of the genetic code was 
known since the 1960s, but deciphering it 
was a longer process. Which of the 64 possible 
combinations of 3 bases (codon) was responsi- 
ble for the integration of which of the 20 exist- 
ing amino acids to a protein? 


In 1961, Marshall Nirenberg (1927-2010) 
rom the University of Michigan and the 
German Heinrich Matthaei (b. 1929) 
went public with their breakthrough at the 
International Congress of Biochemistry in 
Moscow (Fig. 3.10). 


They had succeeded in synthesizing an mRNA 
molecule consisting entirely of uracil bases 
(U-U-U, etc.) and transferring it to a reaction 
mix they had prepared in advance. The mix 
contained all the elements a living cell uses to 
make proteins, except that the only available 
DNA or RNA was the synthetic U-U-U mRNA, 
and lo and behold, the “dead” reaction mix 
started producing proteins just like any other 
living cell. The artificial protein molecule 
consisted of a monotonous chain, repeat- 
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ing the amino-acid phenylalanine sequence: 
Phe-Phe-Phe. 


Thus, Nirenberg and Matthaei had been able 
to decode the first of 64 possible triplets 
in the genetic code. The codon U-U-U in the 
RNA controls the integration of phenylalanine 
into a protein molecule! 


Soon afterwards, AAA was identified as the 
codon for lysine and CCC for proline. And 
so it went on until 1966, when Har Gobind 
Khorana (1922-2011), an Indian researcher 
working in the United States (Fig. 3.11), fin- 
ished by deciphering the last of the 64 possible 
triplet combinations. 


It had thus been shown that amino acids 
were coded by groups of three bases 
(triplets), starting at a defined point of or- 
igin. Sixty-one of the codons define amino 
acids while the remaining three (UAA, 
UAG, and UGA) are signals to break off 
the chain. In eukaryotes, AUG works as a 
starting signal as well as coding for methi- 
onine (Box 3.1). 


Sixty-one possible codes are used to code 
for just 20 amino acids—in other words, 
some amino acids are coded by several code 
Words. This came to be known as a degener- 
ate code. Valine and alanine are coded by four 
different codons each, and leucine by even 
six. Due to this code degeneration, it is not 
possible to derive a protein from the precise 
nucleotide sequence in the DNA. Although 
the principle of the genetic code is univer- 
sal, not all DNA follows the same rules. It is 
thought that eukaryotic cell organelles may 
have evolved from bacteria once ingested by 
eukaryotes that became symbiotic. This could 


Macau, China’ Er] 
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Fig. 3.12 Chemical pairing of 
bases (Watson-Crick rule): two 
hydrogen bonds for adenine— 
thymine; three hydrogen bonds 
for guanine-cytosine. 


a-Amanitin 


Fig. 3.13 Eukaryotes contain 
three types of RNA polymerase. 
The death cap fungus (Amanita 
phalloides) produces a- 
amanitin, which inhibits human 
RNA polymerases, often with 
fatal consequences. 
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Griffith was thus the first to describe 
the possibility of genetic transfer 
(transformation) between bacteria. 


3.1 Biotech History: DNA 


While the abbot was one of the most popular 
clergymen in Brno, nobody ever thought that 
his experiments were more than some nice We now know that the DNA of the deadly 
leisure activity and his theories more than S-bacteria had survived the heating process 

and was taken in by the usually innocuous 

5 R-pneumococci. The S-strain DNA contained 
Gregor Mendel' s 1 к 
cloister garden a crucial gene that protects the bacteria from 
fia Bane, the host’s immune system. 


a charming conversation topic,” writes a 
contemporary of Gregor Mendel. 


The author in 


In 1865, Gregor Mendel (1822-1884) 
published the results of his experiments with 
peas, which he had begun in 1856, for the 
first time putting into writing the rules of 
heredity. The observed characteristics (e.g., 
color of flowers, shape of seeds and pods) 
are determined by factors that are passed on 
independently from each other. These factors 
were later called genes. 


After a period of working as a general 
practitioner, the Canadian scientist Theodore 
Avery (1877-1955) did research at the 
Rockefeller Institute of Medical Research 
between 1913 and 1947. 


Seventy-five years after Friedrich Miescher’s 
ЕЕ discovery, he and his colleagues Colin М. 

о MacLeod (1909-1972) and Maclyn McCarty 
аит (1911-2005) succeeded in showing that 
acids in 1869. nucleic acids, and not proteins, were carriers 

of genetic information, as had previously been 
assumed. What is the underlying "transforming 
principle" of gene transfer? 


It was not until around 1900 that Mendel's 
laws were rediscovered by C.E. Correns, E. 
van Tschermak, and H. de Vries. 


In 1869, Johann Friedrich Miescher 


What is the chemical makeup of a gene? 
Avery went a step further than Griffith, using 
not heat-inactivated S-pneumococci, but a cell 


С Twas therefore renamed “Nucleinsdure,” i.e., 2 А extract that he purified further and further. 

C nucleic acid. Miescher found nuclein also In Theodore Oswald Avery (1877-1955) proved All fractions (cell wall components, various 
i yeast, liver, and kidney cells as well as in red in 1944 that DNA was the physical carrier of protein fractions, and fractions containing 

“| blood cells. heredity transfer. nucleic acid) were tested for their ability to 


However, it took almost 50 years to find 

out that DNA contains six components— 
phosphoric acid, the sugar deoxyribose, and 
the four organic bases adenine, guanine, 
thymine, and cytosine. This simple structure 
was deemed incapable of dealing with such 
complex matters as heredity transmission. 


Rudolf Signer in Bern (1903-1990) was the 
first to synthesize pure DNA in 1938. With 
hi$ statement that DNA bases must be flat 
ings positioned perpendicular to the axis of a 
chain molécule, he was ahead of his time. 


Thet g of highly purified DNA he brought to 
England was later dubbed “manna from Bern." 
/ 


In 1928, British bacteriologist Frederick 

iffith (1877—1941) carried out an 
experiment with the pneumonia pathogen 
Pneumococcus. He used two different strains: 
one-did-ot form capsules and was called К 
for us ue the other formed capsules 
and was therefore named the S-strain, i.e., S 
for smooth. In the experiment, the S strain 
proved,to be fatal to mice, while the R strain 
was innocuous. Mice injected with killed 
bacteria of the dangerous S strain were not 
harmed, while those injected with a mixture 
of live R strain and killed S-bacteria died. 
This suggests that the heretofore innocuous 
R-pneumococci had incorporated the deadly 
factor from the S strain. 


Rosalind Franklin 
(1920-1958). 


Maurice Wilkins 

(1916-2004), who 
shared the Nobel 
Prize with Watson 


H and Crick. 


Linus Pauling 
(1901—1994), who 
won the Nobel 
Prize twice, for 
chemistry and 


| peace. 


turn R strains into S strains. Adding ethanol 
led to precipitation, and transformation was 
no longer possible. However, carbohydrates 
such as bacterial capsules do not precipitate 
in the presence of alcohol, while nucleic acids 
do. Proteases did not seem to have any effect 
on transformation. This left the fractions 
containing nucleic acids as the culprit. 


However, when Avery added the RNA- 
cleaving enzyme ribonuclease, transformation 
still took place, although both protein and 
RNA were out of action. The chemical test for 
the detection of the DNA sugar deoxyribose 
involved the formation of a blue color. DNA 
was responsible. Only fractions containing 
DNA and finally pure DNA turned innocuous 
R-recipient cells permanently into the 
pathogenic S-phenotype; the transforming 
principle had been identified. Griffith 

and Avery, whose experiments seem 
remarkably contemporary from today's 
perspective, could be considered the first 
genetic engineers in history. 


The third part of the DNA saga was mainly 
shaped by Erwin Chargaff, Maurice Wilkins, 
Francis C. Crick, and James D. Watson. 


Erwin Chargaff (1905-2002) left Vienna 
when the Nazis came to power and went to 
the Pasteur Institute in Paris. 


He emigrated to the United States in 1935 
and worked at Columbia University, New 
York, from 1938 on. His research into DNA 
began in 1944. 


After Chargaff had found that in the DNA of 
every organism he investigated, the ratio of 
adenine and thymine content as well as that 
of cytosine and guanine was always 1:1, he 
laid down what became known as Chargaff's 
rule (Fig. 3.6). 


In his later life, he became one of the most 
eminent figures to warn against the misuse of 
gene technology. 


A highly intelligent youth and enthusiastic 
ornithologist, James Dewey Watson began 
to study zoology at the University of Chicago 
at the age of 15. Increasingly interested in 
modern genetics, he wrote a doctoral thesis 
supervised by Salvador Luria (1912—1991), 
one of the founding fathers of phage research. 
Phages are viruses that infect bacteria and 
have long been used in gene models. 


In 1950, Watson went to Europe to study the 
biochemical foundations of phage replication. 
While in Cambridge he turned out to be the 
right man, at the right place, at the right time. 
Within a short time, he and the physicist and 
crystallographer Francis Crick (1916-2004) 
unveiled the double helix structure of 
DNA, which was published in 1953. 


The best report by far about the discovery of 
the double helix is by Watson himself. 


They were spurred on by competition— 
including the London-based DNA 
crystallographer Rosalind Franklin 
1920-1958), who had identified the helical 
structure of DNA, and Maurice Wilkins 
1916—2004) who was to share the Nobel 
Prize with Watson and Crick later. 


The US chemist Linus Pauling had identified 
the helix as a key structural element of 
proteins in 1951 and then he went on to 
investigate the structure of DNA. However, 
his assumption was a triple helix structure, 
as Watson and Crick, "full of academic glee," 
were told later by Pauling's son Peter. 


Once the DNA race had been won, Watson 
turned to other promising subjects, but his 
attempt to identify the structure of RNA 
failed. 


In the years that followed, young researchers 
formed what was known as the RNA Tie 
Club, which included Watson and Crick, 
Sydney Brenner (see Chapter 10), Richard 
Feynman, and Alexander Rich, as well 


as Erwin Chargaff, Gunther Stent, and 
Edward Teller, who had been exiled from 
Germany. Their chairman was the Russian- 
American scientist George Gamow, and 
their ambition was to solve the most pressing 
questions in molecular biology—the genetic 
code in particular—through informal and 
interdisciplinary cooperation. 


Shown in Avery' s article that made 
history: Small colonies of the 
nonencapsulated pneumococcal R strain 
(top) and the encapsulated S strain 
(bottom). 


Watson also revolutionized academic 

eaching, stating that in order to achieve 
success in science, it was essential that 
professors allow their students to become 
independent as soon as possible. He began to 
practice what he preached at Harvard in 

he 1960s when he and Walter Gilbert 

b. 1932) broke with the long-standing academic 
radition of publishing their students' work 
under their own names even if they had not 
been involved in the research. 


Watson later played an important part in the 
Human Genome Project (see Chapter 10) 
and to this day he has been sparking off 
debates and controversies by his pointed 
remarks and comments. 


Some Members of the "RNA Tie Club": Crick, Rich, 
Gamow, Watson, and Melvin Calvin. 
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How to Write Down a DNA Sequence 


The 5' hydroxy group of a nucleotide is linked to the 3' 
hydroxy of the neighboring nucleotide via a phosphate 
group (Fig. 3.8). All phosphodiester bonds in DNA 

and RNA strands have the same orientation along the 
chain. This gives every nucleic acid strand a definite 
polarity and distinct 5' and 3' termini. By convention, 
sequences are written down in the 5' — 3' direction. 
Thus, ACCGGT stands for 5'-ACCGGT-3'. A has a free 5' 
phosphate group at its “head,” while T has an unbound 
3-OH group at its "tail." Due to their polarity, ACCGGT 
and the complementary TGGCCA are two totally 
different compounds! 


What is a Kilobase (kb)? 


A kilobase stands for 1,000 bases in a double or 
single DNA strand. One kb of a double-stranded DNA 
has a length of 0.34 um and a mass of approximately 
660,000Da. 


Fig. 3.14 Electron microscope view 
of an E. coli cell that has burst (arrow 
points out plasmid). 


S 
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Below/background: A burst E. coli cell 
with its ring-shaped main DNA (about 
a millimeter long) and some plasmids. 
The cell itself, however, measures no 
more than 2 um. 
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Fig. 3.15 Above: DNA in 
eukaryotes is not naked, 

but closely bound to small 
proteins called histones. These 
units are called nucleosomes. 


Far right: South Korea is leading in 
animal cloning; despite a scandal, Korea 
issued a stamp about its bright future. 
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Figs. 3.16 and 3.17 Every living cell 
produces proteins. A protein molecule 
consists of amino acids. The directions 
determining the precise sequence of the 
amino acids in the protein are found in 
the deoxyribonucleic acid: long, double- 
stranded molecules. 


Every DNA strand, in turn, consists of 
building elements called nucleotides, 
which are named after the bases they 
contain—adenine (A), cytosine (C), 
guanine (G), and thymine (T). 


Nucleotides form complementary 
pairs, i.e., on a dual DNA strand; A/T 
and C/G are always found opposite 
each other. 


Every amino acid in a protein has a 
corresponding nucleotide triplet in the 
DNA. The entirety of nucleotide triplets 
specifying a protein molecule is called 
the structural gene of a protein. 


In eukaryotes, such a structural gene 
can contain several information-carrying 


sections (exons), interspersed with 
introns that do not contain any 
information about the protein 
structure. 


Nucleotides not only specify amino 
acids, but also work as signals that 
start or stop the protein synthesis 
process. 


In order to become effective in the cell 
cytoplasm, the information contained 
in the DNA must be transcribed into 
messenger ribonucleic acid (mRNA). 
mRNA also consists of nucleotides, but 
the base thymine (T) has been replaced 
by uracil (U). 


During the transcription process, the 
polymerase first copies the exons 

and introns from the DNA. Then, the 
nucleotides representing introns are 
eliminated from the sequence (splicing) 
to produce a shorter RNA molecule, 
known as mature mRNA. It travels from 
the nucleus into the cytoplasm, carrying 
the assembly instructions for the 
protein molecule. 


In the cytoplasm of the cell, the 

mRNA nucleotide sequence is 
translated into the amino acid sequence 
of the protein, using ribosomes 

and 20 different tRNAs carrying the 
different amino acids. The synthesized 
polypeptide chains then fold to form 
the protein. 
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explain why the mitochondrial code differs 
from that of the rest of the cell in some cases. 
In human mitochondrial DNA, UGA is not a 
stop signal, but codes for tryptophan. 


Ciliates are another group that went their 
own way early in evolution, which led to 
slight differences in their genetic code. They 
have just one stop signal, UGA, while UAA 
and UAG, usually chain break-off signals— 
code for amino acids in ciliates. 


Why has the code remained more or less 
unchanged over billions of years? Any 
mutation that would cause drastic changes 
to the reading pattern of mRNA would up- 
set the amino acid sequences of nearly all 
proteins. Such mutations would be fatal and 
thus would soon be eliminated by natural 
selection. 
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B 3.7 DNA Sites Around the 
Structural Genes Control 
the Expression of Genes 


Since bacteria are prokaryotes, they do not 
have a nucleus. Their DNA is contained in a 
ring of at least 1 mm in circumference. The 
whole structure is extremely tightly packed 
and entwined to fit into a bacterial cell, which 
is often only a thousandth of a millimeter thick 
(see p. 77). 


In Е. coli K12, the “biosafety strain," pre- 
cisely 4,639,221 base pairs are lined up in 
that 1 mm of DNA space, carrying almost 
4,300 protein-coding genes. Structural 
genes, each of them about 1,000 base pairs 
long, are responsible for the structures of 
single proteins, in most cases enzymes. 
Structural genes determine the correct 
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Polypeptide chains 
(folding ipto protein) 


= tRNA with 
amino acid 


Exons and Introns — A Bizarre Manuscript 


Mark Henderson, former science editor at the 
Times, finds the following explanation for exons 
and introns: "A good analogy is a film screened 

on television. The scenes you want to watch are 

the exons, but these are broken up by commercial 
breaks—the introns —which aren't part of the story. 
And if you have recorded the whole thing, you can 
fast-forward through the adverts to watch it all at 
once— much as a ribosome reads a Spliced string of 
exons." 
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Fig. 3.18 Right: Translation 
of mRNA into a protein in a 
ribosome. 


Phenylalanine Aspartate 


Fig. 3.19 A ribosome contains 
two subunits attaching to mRNA 
during protein synthesis. Top: A 
bacterial ribosome. Eukaryotic 
ribosomes are slightly bigger. 
Ribosomes consist mainly of 
RNAs (orange and yellow) in 
protein (blue) complexes. The 
small subunit matches tRNA 
anticodons for the relevant 
amino acids with mRNA codons. 
The larger subunit catalyzes 
the synthetic process by 
transferring the amino acid 
from the tRNA to the growing 
polypeptide chain. Bottom: 
Two of 20 tRNAs. The aspartate 
tRNA carries aspartate, the 
phenylalanine tRNA carries 
phenylalanine. The anticodons 
are also clearly recognizable. 


Fig. 3.20 Robert W. Holley 
(1922-1993) investigated tRNA 
and was awarded the Nobel 
Prize in 1968, together with 
Marshall Nirenberg and Har 
Gobind Khorana. 
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г. Anticodon 


— 3’ 
Direction of translation 


arrangement of several hundred amino acids in the 
ribosome so that they can form peptide chains for a 
specific protein. 


Not all DNA sequences code for proteins. Next to 
the structural gene are specific sequences controlling its 
expression, i.e., they initiate transcription and subse- 
quent translation of the structural gene into a protein 
(Fig. 3.10). 


Transcription, the first of the two processes, is di- 
rected by two specific DNA sequences. One of them 
is the starting point or promoter—a short sequence 
that enables the enzyme RNA polymerase to bind to 
DNA, travel along the strands, and transcribe the DNA 
into RNA from that specific point before the structural 
gene. 


The other relevant sequence is a stop sequence found 
somewhat behind the structural gene. It gives the sig- 
nal to end transcription. In Æ. coli, the stop signal pro- 
duces a hairpin structure in the newly synthesized 
mRNA strand which, in turn, causes the immediate 


separation of RNA polymerase from the newly formed 
mRNA. 


Eukaryotes have other types of promoters (such as the 
metallothionein promoter that reacts to heavy met- 
als—more about it in Chapter 8), as well as enhancer 
sequences and stop sequences. 


In eukaryotes, the mRNA is modified after transcrip- 
tion: A cap structure is added to the 5’ terminus, and 
a tail consisting of adenine components (poly-A tail) is 
attached to the 3’ terminus (see insulin expression in 
Fig. 3.38). Genes whose activity depends on the concen- 
tration of certain metabolites rely on further regulator 
regions. 


As we will see when looking at the regulation of lactose 
processing (more in Chapter 4, using the example of the 
lac operator), an operator region between a promoter 
and a structural gene may bind to what is known as a 
repressor protein (Fig. 3.18). 


When an inducer (e.g., a sugar) binds to a repressor 
protein, the spatial structure of the protein changes, 
causing it to leave the operator region. Then, the struc- 
tural gene is unblocked and can be read for the relevant 
sugar-degrading enzyme. 


ш 3.8 Ribosomes — Protein Production 
Plants Inside the Cell: Giant RNA 
and Protein Molecules 


The entire information for protein synthesis—including 
start and stop signals—is contained in the mRNA, which 
is read in the ribosomes. 


Ribosomes consist of a large and a small subunit 
(Fig. 3.19). They are protein and RNA complexes. 
Ribosomal RNAs (rRNAs) are single-stranded mole- 
cules that form part of the ribosome. The 20 different 
tRNAs are synthesized by 20 aminoacyl synthetases 
(Fig. 3.21) that vary widely in their structure. Each of 
them binds an amino acid to the relevant tRNA. 


This is a third type of RNA, apart from mRNA and 
rRNA—transfer RNA—which transfers amino acids in 
their activated form to the ribosome (Fig. 3.18). 


There is at least one tRNA for each of the 20 amino acids. 
tRNAs consist of RNA with an anticodon at one terminus 
and the activated amino acid at the other (Fig. 3.19). 


Other DNA sequences that have been copied into 
mRNA alongside the actual structural gene supervise the 
translation into a peptide chain inside the ribosome 


Box 3.2 Biotech History: 
James D. Watson About the 
Discovery of the DNA Structure 


James Watson, codiscoverer of the structure 
of DNA, tells the story of the amazing 
molecule since its discovery 50 years ago in 
his book *DNA. The Secret of Life." 


EO Wilson calls the book “ап immediate 
classic." The following excerpts give just 
a glimpse. Warning: Reading Watson's 
book is addictive! 


I got hooked on the gene during my third 
year at the University of Chicago. Until 
then, I had planned to be a naturalist and 
looked forward to a career far removed from 
the urban bustle of Chicago's South Side, 
where I grew up. 


My change of heart was inspired not by an 
unforgettable teacher but by a little book 
hat appeared in 1944, What Is Life?, by the 
Austrian-born father of wave mechanics, 
Erwin Schródinger. It grew out of several 
ectures he had given the year before at the 
nstitute for Advanced Study in Dublin. 


That a great physicist had taken the time 
0 write about biology caught my fancy. In 
hose days, like most people, I considered 
chemistry and physics to be the "real" 
Sciences, and theoretical physicists were 
Science's top dogs. 


WHAT IS LIFE? 


Erwin Schrödinger (1887-1961), Austrian 
physicist, wrote this little book in 1944, 
which was to revolutionize biology. 


Schródinger argued that life could be thought 
of in terms of storing and passing on 
biological information. Chromosomes were 
thus simply information bearers. Because so much 
information had to be packed into every cell, 

it must be compressed into what Schrodinger 
called a “hereditary codescript” embedded in the 
molecular fabric of chromosomes. 


To understand life, then, we would have to 
identify these molecules, and crack their 
code. He even speculated that understanding 
life—which would involve finding the gene— 
might take us beyond the laws of physics as we 
then understood them. Schródinger's book was 
tremendously influential. 


Many of those who would become major players 
in Act 1 of molecular biology's great drama had 
ead What Is Life? and had been impressed. 


n my own case, Schródinger struck a chord 
because I too was intrigued by the essence of 
ife. A small minority of scientists still thought 
ife depended upon a vital force emanating 
from an all-powerful God. But, like most 

of my teachers, I disdained the very idea of 
vitalism. If such a "vital" force were calling the 
shots in Nature's game, there was little hope 
life would ever be understood through the 
methods of science. On the other hand, the 
notion that life might be perpetuated by 
means of an instruction book inscribed in 

a secret code appealed to me. What sort of 
molecular code could be so elaborate as to 
convey all the multitudinous wonder of the 
living world? And what sort of molecular 
trick could ensure that the code is exactly 
copied every time a chromosome duplicates? 


Years later.... 


Upon finishing my thesis, I saw no alternative 
but to move to a lab where I could study DNA 
chemistry. Unfortunately, however, knowing 
almost no pure chemistry, I would have been 
out of my depth in any lab attempting difficult 
experiments in organic or physical chemistry. 


therefore took a postdoctoral fellowship 

in the Copenhagen lab of the biochemist 
Herman Kalckar in the fall of 1950. He was 
studying the synthesis of the small molecules 
hat make up DNA, but I figured out quickly 
hat his biochemical approach would never 
ead to an understanding of the essence of 

he gene. Every day spent in his lab would be 
one more day's delay in learning how DNA 
carried genetic information. 


My Copenhagen year nonetheless ended 
productively. To escape the cold Danish spring, 
I went to the Zoological Station at Naples 
during April and May. During my last week 
there, I attended a small conference on X-ray 
diffraction methods for determining the 3-D 
structure of molecules. X-ray diffraction is a 
way of studying the atomic structure of any 
molecule that can be crystallized. The crystal 
is bombarded with X-rays, which bounce off 
its atoms and are scattered. The scatter pattern 
gives information about the structure of the 
molecule but, taken alone, is not enough to 
solve the structure. The additional information 
needed is the “phase assignment,” which deals 
with the wave properties of the molecule. 
Solving the phase problem was not easy, and 
at that time only the most audacious scientists 
were willing to take it on. Most of the 
successes of the diffraction method had been 
achieved with relatively simple molecules. 


My expectations for the conference were 
low. I believed that a three-dimensional 
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understanding of protein structure, or for 

hat matter of DNA, was more than a decade 
away. Disappointing earlier X-ray photos 
suggested that DNA was particularly unlikely 
О yield its secrets via the X-ray approach. 
These results were not surprising since the 
exact sequences of DNA were expected 

o differ from one individual molecule to 
another. The resulting irregularity of surface 
configurations would understandably prevent 
he long, thin DNA chains from lying neatly 
side by side in the regular repeating patterns 
required for X-ray analysis to be successful. 


t was therefore a surprise and a delight 

о hear the last-minute talk on DNA by a 
34-year-old Englishman named Maurice 
Wilkins from the Biophysics Lab of King's 
College, London. 


Wilkins was a physicist who, during the war, 
had worked on the Manhattan Project. 


For him, as for many of the other scientists 
involved, the actual deployment of the bomb 
on Hiroshima and Nagasaki, supposedly the 
culmination of all their work, was profoundly 
disillusioning. He considered forsaking 
Science altogether to become a painter in 
Paris, but biology intervened. He too had 
read Schródinger's book, and was now 
tacking DNA with X-ray diffraction. 


He displayed a photograph of an X-ray 
diffraction pattern he had recently obtained, 
and its many precise reflections indicated a 
highly regular crystalline packing. DNA, 
one had to conclude, must have a regular 
structure, the elucidation of which might well 
reveal the nature of the gene. 


Instantly, І saw myself moving to London to 

help Wilkins find the structure. My attempts to 
converse with him after his talk, however, went 
nowhere. All I got for my efforts was a declaration 
of his conviction that much hard work lay ahead. 


While I was hitting consecutive dead ends, back 
in America the world's pre-eminent chemist, 
Caltech's Linus Pauling, announced a major 
triumph: he had found the exact arrangement 
in which chains of amino acids (called 
polypeptides) fold up in proteins, and he called 
his structure the a-helix (alpha helix). That it 
was Pauling who made his breakthrough was 
no surprise: he was a scientific superstar. 


As soon as I returned to Copenhagen I read 
about Pauling's o-helix. To my surprise, his 
model was not based on a deductive leap 
from experimental X-ray diffraction data. 
nstead, it was Pauling's long experience as a 
structural chemist that had emboldened him 
o infer which type of helical fold would be 
most compatible with the underlying chemical 
eatures of the polypeptide chain. Pauling 
made scale models of the different parts of 
the protein molecule, working out plausible 
Schemes in a three-dimensional jigsaw puzzle 
in a way that was simple yet brilliant. 
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Whether the o-helix was correct—in addition 
to being pretty—was now the question. 
Only a week later, I got the answer. Sir 
Lawrence Bragg, the English inventor o 
X-ray crystallography and the 1915 Nobel 
laureate in Physics, came to Copenhagen and 
excitedly reported that his junior colleague, 
the Austrian-born chemist Max Perutz, had 
ingeniously used synthetic polypeptides to 
confirm the correctness of Pauling's a-helix. 


It was a bittersweet triumph for Bragg's Cavendish 
Laboratory. The year before, they had completely 
missed the boat in their paper outlining possible 
helical folds for polypeptide chains. 


By then Salvador Luria had tentatively 
arranged for me to take up a research position 
at the Cavendish. Located at Cambridge 
University, this was the most famous 
aboratory in all of science. 


Here, Ernest Rutherford first described the 
structure of the atom. Now it was Brage’s own 
domain, and I was to work as apprentice to 
the English chemist John Kendrew, who was 
interested in determining the 3D structure of 
the protein myoglobin. Luria advised me to 
visit the Cavendish as soon as possible. With 
Kendrew in the States, Max Perutz would 
check me out. Together, Kendrew and Perutz 
had earlier established the Medical Research 
Council (MRC) Unit for the Study of the 
Structure of Biological Systems. 


A month later in Cambridge, Perutz assured 
me that I could quickly master the necessary 
X-ray diffraction theory and I should have no 
difficulty fitting in with the others in their tiny 
MRC Unit. To my relief, he was not put off by 
my biology background. Nor was Lawrence 
Bragg, who briefly came down from his office 
to look me over. 


I was 23 when I arrived back at the MRC 
Unit in Cambridge in early October. I found 
myself sharing space in the biochemistry 
room with a 35-year-old exphysicist, Francis 
Crick, who had spent the war working 

on magnetic mines for the Admiralty. 

When the war ended, Crick had planned 

to stay on in military research, but, on 
reading Schródinger's What Is Life?, he had 


moved toward biology. Now, he was at the 
Cavendish to pursue the 3-D structure of 
proteins for his PhD. 


Crick was always fascinated by the 
intricacies of important problems. His 
endless questions as a child compelled 

his weary parents to buy him a children’s 
encyclopedia, hoping that it would satisfy 

his curiosity. But it only made him insecure: 
he confided to his mother his fear that 
everything would have been discovered by 
the time he grew up, leaving him nothing to 
do. His mother reassured him (correctly, as it 
happened) that there would still be a thing or 
two for him to figure out. 


A great talker, Crick was invariable the 
center of attention in any gathering. His 
booming laugh was forever echoing down 
the hallways of the Cavendish. As the MRC 
Unit’s resident theoretician, he used to 

come up with a novel insight at least once a 
month, and he would explain his latest idea 
at great length to anyone willing to listen. The 
morning we met he lit up when he learned 
that my objective in coming to Cambridge 
was to learn enough crystallography to have a 
go at the DNA structure. 


Soon, I was asking Crick’s opinion about 

using Pauling’s model-building approach 

to go directly for the structure. Would 

we need many more years of diffraction 
experimentation before modeling would be 
practicable? To bring us up to speed on the 
status of DNA structural studies, Crick invited 
Maurice Wilkins, a friend since the end of 
the war, up from London for Sunday lunch. 
Then, we could learn what progress Wilkins 
had made since his talk in Naples. Wilkins 
expressed his belief that DNA’s structure was 
a helix, formed by several chains of linked 
nucleotides twisted around each other. All 

that remained to be settled was the number of 
chains. At the time, Wilkins favored three on 
the basis of his density measurements of DNA 
fibers. He was Keen to start model building, 
but he had run into a roadblock in the form of 
a new addition to the King’s College Biophysics 
Unit, Rosalind Franklin. 


Just back from a 4-year X-ray crystallographic 
investigation of graphite in Paris, Franklin 
had been assigned to the DNA project while 
Wilkins was away from King’s. Unfortunately, 
the pair soon proved incompatible. 
Franklin, direct and data-focused, and 
Wilkins, retiring and speculative, were 
destined never to collaborate. 


Shortly before Wilkins accepted our lunch 
invitation, the two had had a big blowup in 
which Franklin had insisted that no model 
building could commence before she collected 
much more extensive diffraction data. Now 


they effectively didn’t communicate, 

and Wilkins would have no chance to learn 
of her progress until Franklin presented her 
lab seminar scheduled for the beginning of 
November. If we wanted to listen, Crick and I 
were welcome to go as Wilkin’s guests. 


Crick was unable to make the seminar, so I 
attended alone and briefed him later on what 
I believed to be its key take-home messages 
on crystalline DNA. In particular, I described 
from memory Franklin’s measurements of the 
crystallographic repeats and the water content. 


This prompted Crick to begin sketching 
helical grids on a sheet of paper, explaining 
that the new helical X-ray theory he had 
devised with Bill Cochran and Vladimir 
Vand would permit even me, a former bird- 
watcher, to predict correctly the diffraction 
patterns expected from the molecular models 
we would soon be building at the Cavendish. 


As soon as we got back to Cambridge, | 
arranged for the Cavendish machine shop to 
construct the phosphorous atom models 
needed for short sections of the sugar phosphate 
backbone found in DNA. Once these became 
available, we tested different ways the 
backbones might twist around each other in 

the center of the DNA molecule. Their regular 
repeating atomic structure should allow the 
atoms to come together in a consistent, repeated 
confirmation. Following Wilkin’s hunch, we 
focused on three-chain models. When one of 
these appeared to be almost plausible, Crick 
made a phone call to Wilkins to announce we 
had a model we thought might be DNA. 


The next day both Wilkins and Franklin 
came up to see what we had done. The threat 
of unanticipated competition briefly united 
them in common purpose. Franklin wasted 
no time in faulting our basic concept. My 
memory was that she had reported almost no 
water present in crystalline DNA. In fact, the 
opposite was true. Being a crystallographic 
novice, I had confused the terms “unit cell” 
and “asymmetric unit.” Crystalline DNA was 
in fact water-rich. Consequently, Franklin 
pointed out, the backbone had to be on the 
outside and not, as we had it, in the center, if 
only to accommodate all the water molecules 
she had observed in her crystals. 


That unfortunate November day cast a very 
long shadow. Franklin’s opposition to model 
building was reinforced. Doing experiments, 
not playing with Tinkertoy representations of 
atoms, was the way she intended to proceed. 
Even worse, Sir Lawrence Bragg passed down 
the word that Crick and I should desist 
from all further attempts at building a 
DNA model. It was further decreed that 
DNA research should be left to the King’s lab, 
with Cambridge continuing to focus solely on 


proteins. There was no sense in two MRC- 
funded labs competing against each other. 
With no more bright ideas up our sleeves, 
Crick and I were reluctantly forced to back 
off, at least for the time being. 


It was not a good moment to be condemned 
to the DNA sidelines. Linus Pauling had 
written to Wilkins requesting a copy of the 
crystalline DNA diffraction pattern. Although 
Wilkins had declined, saying he wanted 

more time to interpret it himself, Pauling 
was hardly obliged to depend upon data from 
King's. If he wished, he could easily start 
serious X-ray diffraction studies at Caltech. 


The following spring, I duly turned away from 
DNA and set about extending prewar studies on 
the pencil-shaped TMV using the Cavendish's 
powerful new X-ray beam. This light 
experimental workload gave me plenty of time 
to wander through various Cambridge libraries. 


In the zoology building, I read Erwin 
Chargaff's paper describing his finding that 
the DNA bases adenine and thymine 
occurred in roughly equal amounts, 

as did the bases guanine and cytosine. 
Hearing of these one-to-one ratios Crick 
wondered whether, during DNA duplication, 
adenine residues might be attracted to 
thymine and vice versa, and whether a 
corresponding attraction might exist between 
guanine and cytosine. If so, base sequences on 
the "parental" chains (e.g., ATGC) would have 
to be complementary to those on “daughter” 
strands (yielding in this case ТАСС). 


These remained idle thoughts until Erwin 
Chargaff came through Cambridge in 

the summer of 1952 on his way to the 
International Biochemical Congress in 

Paris. Chargaff expressed annoyance that 
neither Crick nor I saw the need to know 
the chemical structures of the four bases. 

He was even more upset when we told him 
that we could simply look up the structures 
in textbooks as the need arose. І was left 
hoping that Chargaff's data would prove 
irrelevant. Crick, however, was energized to 
do several experiments looking for molecular 
"sandwiches" that might form when adenine 
and thymine (or alternatively, guanine and 
cytosine) were mixed together in solution. 
But his experiments went nowhere. 


Like Chargaff, Linus Pauling also attended 

the International Biochemical Congress, 
where the big news was the latest result 

from the Phage Group. Alfred Hershey and 
Martha Chase at Cold Spring Harbor had 
just confirmed Avery's transforming principle: 
DNA was the hereditary material! 
Hershey and Chase proved that only the DNA 
of the phage virus enters bacterial cells; its 
protein coat remains on the outside. It was 


more obvious than ever that DNA must be 
understood at the molecular level if we were 
to uncover the essence of the gene. With 
Hershey and Chase’s result the talk of the 
town, I was sure that Pauling would now 
bring his formidable intellect and chemical 
Wisdom to bear on the problem of DNA. 


wo.asse April 25, 1953 NATURE 


С. Е. R. Deacon and the isa 
R. ion. 


MOLECULAR STRUCTURE OF 
NUCLEIC ACIDS 


The historic article in Nature —a masterpiece of 
science and understatement! 


Early in 1953, Pauling did indeed publish a 
paper outlining the structure of DNA. Reading 
it anxiously I saw that he was proposing a 
three-chain model with sugar phosphate 
backbones forming a dense central core. 
Superficially, it was similar to our botched 
model of 15 months earlier. But, instead of 
using positively charged atoms (e.g., Mg*) 
to stabilize the negatively charged backbones, 
Pauling made the unorthodox suggestion 
that the phosphates were held together by 
hydrogen bonds. But it seemed to me, the 
biologist, that such hydrogen bonds required 
extremely acidic conditions never found in 
cells. With a mad dash to Alexander Todd's 
nearby organic chemistry lab my belief was 
confirmed: The impossible had happened. The 
world’s best known, if not best, chemist 
had gotten his chemistry wrong. In effect, 
Pauling had knocked the A off of DNA. Our 
quarry was deoxyribonucleic acid, but the 


structure he was proposing was not even acidic. 


Hurriedly, I took the manuscript to London 

to inform Wilkins and Franklin they were still 
in the game. Convinced that DNA was not 

a helix, Franklin had no wish even to read 
the article and deal with the distraction of 
Pauling's helical ideas, when I offered Crick's 
arguments for helices. Wilkins, however, 

was very interested indeed in the news I 
brought; he was now more certain than ever 
that DNA was helical. To prove the point, he 
showed me a photograph obtained more than 
6 months earlier by Franklin's graduate student 
Raymond Gosling, who had X-rayed the 
so-called B form of DNA. Until that moment, 
I didn't know a B form even existed. Franklin 
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had put this picture aside, preferring to 
concentrate on the A form, which she thought 
would more likely yield useful data. The X-ray 
pattern of this B form was a distinct cross. Since 
Crick and others had already deduced that such 
a pattern of reflections would be created by a 
helix, this evidence made it clear that DNA 
had to be a helix! In fact, despite Franklin’s 
reservations, this was no surprise. Geometry 
itself suggested that a helix was the most logical 
arrangement for a long string of repeating units 
such as the nucleotides of DNA. But, we still 
did not know what that helix looked like, or 
how many chains it contained. 


The time had come to resume building helical 
models of DNA. Pauling was bound to realize 
soon enough that his brainchild was wrong. 
urged Wilkins to waste no time. But, he 
wanted to wait until Franklin had completed 
her scheduled departure for another lab later 
hat spring. She had decided to move on to 
avoid the unpleasantness at King’s. Before 
eaving, she had been ordered to stop further 
work with DNA and had already passed on 
many of her diffraction images to Wilkins. 


When I returned to Cambridge and broke 
he news of the DNA B form, Bragg no 
onger saw any reason for Crick and me 

o avoid DNA. He very much wanted the 
DNA structure to be found on his side of 
he Atlantic. So, we went back to model- 
building, looking for a way the known basic 
components of DNA—the backbone of 

he molecule and the four different bases, 
adenine, thymine, guanine, and cytosine— 
could fit together to make a helix. 


commissioned the shop at the Cavendish to 
make us a set of tin bases, but they couldn't 
produce them fast enough for me: I ended up 
cutting out rough approximations from stiff 
cardboard. 


By this time, I realized the DNA density- 
measurement evidence actually slightly 
avored a two chain, rather than three-chain, 
model. So, I decided to search out plausible 
double helices. As a biologist, I preferred 

he idea of a genetic molecule made of two, 
ather than three, components. After all, 
chromosomes, like cells, increase in number 
by duplicating, not triplicating. 


knew that our previous model with the 
backbone on the inside and the bases hanging 
out was wrong. Chemical evidence from the 
University of Nottingham, which I had too 
long ignored, indicated that the bases must be 
hydrogen bonded to each other. They could 
only form bonds like this in the regular manner 
implied by the X-ray diffraction data if they 
were in the center of the molecule. But how 
could they come together in pairs? For 2 weeks 
I got nowhere, misled by an error in my 
nucleic acid chemistry textbook. Happily, 
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on February 27, Jerry Donahue, a theoretical 
chemist visiting the Cavendish from Caltech, 
pointed out that the textbook was wrong. So, 
I changed the locations of the hydrogen atoms 
on my cardboard cutouts of the molecules. 


Replica of the 
original DNA 
double helix 
model in the 
Science Museum, 
London. 


The next morning, February 28, 1953, the key 
features of the DNA model all fell into place. 
The two chains were held together by strong 
hydrogen bonds between adenine-thymine and 
guanine-cytosine base pairs. The inferences Crick 
had drawn the year before based on Chargaff’s 
research had indeed been correct. Adenine does 
bond to thymine and guanine does bond to 
cytosine, but not through flat surfaces to form 
molecular sandwiches. When Crick arrived, he 
took it all in rapidly, and gave my base-pairing 
scheme his blessing. He realized right away that 
it would result in the two strands of the double 
helix running in opposite directions. 


It was quite a moment. We felt sure that 
this was it. Anything that simple, that 
elegant just had to be right. 


What got us most excited was the 
complementarity of the base sequences 
along the two chains. If you knew the 
sequence—the order of bases—along one 
chain, you automatically knew the sequence 
along the other. It was immediately apparent 
that this must be how the genetic messages 
of genes are copied so exactly when 
chromosomes duplicate prior to cell division. 
The molecule would “unzip” to form two 
separate strands. Each separate strand then 
could serve as the template for the synthesis of 
a new strand, one double helix becoming two. 


In What Is Life? Schrodinger had suggested that 
the language of life might be like Morse code, a 
series of dots and dashes. He wasn’t far off. 


The language of DNA is a linear series of 
As, Ts, Gs, and Cs. And just as transcribing 
a page out of a book can result in the odd 
typo, the rare mistake creeps in when all 
these As, Ts, Gs, and Cs are being copied 
along a chromosome. These errors are the 
mutations geneticists had talked about for 
almost 50 years. Change an “i” to an “a” and 
“Jim” becomes “Jam” in English; change a T 
to a C and “ATG” becomes “ACG” in DNA. 
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The double helix made sense chemically 
and it made sense biologically. Now, 
there was no need to be concerned 

about Schródinger's suggestion that new 

laws of physics might be necessary for 

an understanding of how the hereditary 
codescript is duplicated: genes, in fact, were 
no different from the rest of chemistry. 


Later that day, during lunch at the Eagle, the 
pub virtually adjacent to the Cavendish Lab, 
Crick, ever the talker, could not help but tell 
everyone we had just found the "secret 
of life." | myself, though no less electrified by 
the thought, would have waited until we had 
a pretty three-dimensional model to show off. 


Among the first to see our demonstration 
model was the chemist Alexander Todd. 
That the nature of the gene was so simple 
both surprised and pleased him. Later, 
however, he must have asked himself 

why his OWN lab, having established 

the general chemical structure of DNA 
chains, had not moved on to asking how 
the chains folded up in three dimensions. 
Instead, the essence of the molecule was 
left to be discovered by a two-man team, 

a biologist and a physicist, neither of 
whom possessed a detailed command 
even of undergraduate chemistry. But 
paradoxically, this was, at least in part, the 
key to our success: Crick and I arrived at 
the double helix first precisely because most 
chemists at that time thought DNA too big a 
molecule to understand by chemical analysis. 


At the same time, the only two chemists with 
the vision to seek DNAS 3-D structure made 
major tactical mistakes: Rosalind Franklin’s 
was her resistance to model-building; Linus 
Pauling’s was a matter of simply neglecting to 
read the existing literature on DNA, particularly 
the data on its base composition published by 
Chargaff. Ironically, Pauling and Chargaff sailed 
across the Atlantic in the same ship following 
the Paris Biochemical Congress in 1952, bui 
failed to hit it off. Pauling was long accustomed 
to being right. And he believed there was 
no chemical problem he could not work ou 
from first principles by himself. Usually, this 
confidence was not misplaced. During the Cold 
War, as a prominent critic of the American 
nuclear weapons development program, he 
was questioned by the FBI after giving a talk. 
How did he know how much plutonium there 
is in an atomic bomb? Pauling's response was 
"Nobody told me. I figured it out." 


Over the next several months, Crick and 

(to a lesser extent) I relished showing off 

our model to an endless stream of curious 
scientists. However, the Cambridge 
biochemists did not invite us to give a formal 
talk in the biochemistry building. They started 
to refer to it as the "WC," punning our initials 
with those used in Britain for the toilet or 


water closet. That we had found the double 
helix without doing experiments irked them. 


The manuscript that we submitted to Nature 
in early April was published just over 3 weeks 
later, on April 25, 1953. Accompanying 

it were two longer papers by Franklin 

and Wilkins, both supporting the general 
correctness of our model. 


In June, I gave the first presentation of our model 
at the Cold Spring Harbor symposium on viruses. 
Max Delbrück saw to it that I was offered, at 
the last minute, an invitation to speak. To this 
intellectually high-powered meeting I brought a 
three-dimensional model built in the Cavendish, 
the adenine-thymine base pairs in red and the 
guanine-cytosine base pairs in green. 


Nine years later.... 


It was not until 1962 that Francis Crick, 
Maurice Wilkins, and I were to receive 
our own Nobel Prize in Physiology or 
Medicine. Four years earlier, Rosalind 
Franklin had died of ovarian cancer at the 
tragically young age of 37. Before then, 
Crick had become a close colleague and a 
real friend of Franklin's. Following the two 
operations that would fail to stem the advance 
of her cancer, Franklin convalesced with 
Crick and his wife, Odile, in Cambridge. 


A 1962 photo shows Nobel Prize winners (from 
left): Maurice Wilkins (Medicine), Max F. Perutz 
(Chemistry), Francis Crick (Medicine), John 
Steinbeck (Literature), James Watson (Medicine), 
and John C. Kendrew (Chemistry). 


It was and remains a long-standing rule of 

the Nobel Committee never to split a single 
prize more than three ways. Had Franklin 
lived, the problem would have arisen whether 
to bestow the award upon her or Maurice 
Wilkins. The Swedes might have resolved the 
dilemma by awarding them both the Nobel 
Prize in Chemistry that year. Instead, it went 
to Max Perutz and John Kendrew, who had 
elucidated the three-dimensional structures of 
hemoglobin and myoglobin, respectively. 


The discovery of the double helix sounded 
the death knell for vitalism. Serious scientists, 
even those religiously inclined, realized that 
a complete understanding of life would not 
require the revelation of new laws of nature. 
Life was just a matter of physics and 
chemistry, albeit exquisitely organized 
physics and chemistry. 


Cited from: Watson JD, Berry A (2004) DNA: 
The Secret of Life. Knopf 


(Fig. 3.18). The mRNA is bound to the ribosome by a 
specific binding site. The translation process begins at 
the start signal, the first codon of the structural gene, 
and goes on until it reaches the stop signal at the end 
of the gene. Then, the ribosome releases the complete 
protein chain. 


If you want to be able to control DNA programming, 
you must have a clear understanding of all the pro- 
cesses involved. Changes to the structural gene, 
for example, may result in a change of the amino 
acid sequence of an enzyme and thereby alter its 
activity. Even after a minor modification of its se- 
quence, the promoter may bind more easily to RNA 
polymerase, which makes copying DNA to mRNA 
more efficient (see Chapter 4). Also, mutations in the 
operator region or a regulator gene may prevent the 
repressor protein from binding to the correct site, leav- 
ing transcription running continuously at top speed. 
Furthermore, foreign genes that have been inserted 
are only translated into proteins if the promoter and 
ribosomal binding sites of host and donor are suffi- 
ciently similar. 


Eukaryotes—which include all higher organisms from 
yeasts and algae to humans—use control signals that 
differ from those used by prokaryotes such as bacteria. 
This is not the only difference. In eukaryotic cells, there 
is no "naked DNA" (Fig. 3.22). Eukaryotic DNA is 
wrapped up in proteins (histones) and distributed 
over individual chromosomes, which are all contained 
in a cell nucleus (Figs. 3.15 and 3.22). 


A fungal cell contains ten times more DNA than a bac- 
terium. Higher plants and animals contain even several 
thousand times as much, although that does not enlarge 
their genetic repertoire accordingly. 


Humans have only 20,687 protein-coding genes, 
Which is only five times as much as what is found in 
an intestinal bacterium. This can be explained by the 
existence of what are known as mosaic genes, which 
could be described as structural genes that have been 
cut up. Their coding sections (exons) are interspersed 
with noncoding sections (introns). Furthermore, there 
are long sections with repetitive sequences whose 
function is as yet unknown. Interestingly, these repeti- 
tions are crucial in the bacterial CRISPR/cas9 defense 
system. 


Whatever the function of the introns is (see Chapter 10), 
Which seem to have been shaped by evolution (probably 
including viral attacks), they do not contain informa- 
tion related to the formation of peptide chains. In eu- 
karyotes, the introns are copied into mRNA where they 
form loops that are then spliced off, and only the exons 
are retained (Fig. 3.16). 
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The resulting shortened mRNA, carrying exclusively 
protein-coding information, is called mature mRNA. 


B 3.9 Recombination —A Genetic 
Reshuffling of Cards 


Mutations modify the genes of an organism (more in 
Chapter 4). 


Recombination—the geneticists second most- 
important tool—means genetically reshuffling the cards. 
Entire genes or parts of genes originating from two or 
more organisms are rearranged. 


In homologous recombination, e.g., two chromo- 
somes containing identical or similar DNA sequences 
come together in a cell to exchange corresponding 
(homologous) parts. The exchange in which DNA 
is broken up and reunited is catalyzed by specific 
enzymes. 


Prokaryotes 


RNA Polymerase 


— 
Ribosome 
subunits 


Eukaryotes 


Transport into Cytoplasm 


Ribosome 
subunits 


mRNA 


— 
Intron Splicing 
Exon. 


Fig. 3.21 Twenty different 
aminoacyl tRNA synthetases 
join the 20 amino acids 
accurately with tRNA. Isoleucine 
bears a strong resemblance to 
valine. To avoid errors, isoleucyl 
tRNA synthetase features 

an additional active center 

for editing and proofreading 
purposes. This ensures that only 
one error occurs in every 3,000 
syntheses, compared to 1 in 150 
without this corrective function. 


Cell membrane 


Translation 


Protein 


Cell membrane 


Fig. 3.22 Differences in protein biosynthesis between prokaryotes (top) and eukaryotes (bottom). 
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mRNAs carrying information 
for various 
mammalian proteins 


mRNA with gene о f 


Fig. 3.23 Genetic modification of bacterial cells in the 
production of human interferon in bacteria. 


The entire mRNA is isolated from human cells and 
enzymatically converted into double-stranded DNA, 
using reverse transcriptase. 


The DNA is then specifically cut by restriction 
endonucleases and pasted into bacterial plasmids that 
have been cut by the same restriction endonucleases. 
These recombinant plasmids are introduced into 
bacteria and reproduced (cloned). 


In a final step, those bacterial colonies that produce 
human interferon are isolated from tens of thousands 
of colonies. 
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In eukaryotes, homologous recombination 
mainly happens during meiosis (maturing of 
reproductive cells). The accidental distribution 
of maternal and paternal chromosomes (ho- 
mologs) in the newly formed reproductive 
cells accounts for a further reshuffling. Two 
haploid (single) sets of parental chromo- 
somes are brought together in the offspring to 
form a diploid (double) set. 


The recombination between homologous 
DNA sections is a very efficient process in- 
deed. The recombination of genes from two 
individuals differing in their genes or part of 
their genes results in two different genotypes, 
i.e., genetically different individuals. 


If, e.g., two strains of bacteria differ by a dozen 
base pairs, 2!2 or exactly 4,224 new genotypes 


Recombinant plasmids 
carrying mammalian 


Introduction into 
bacterial cell 


Synthesis (expression) of the desired mammalian 


protein (interferon) in a bacterial cell 


can develop. In most cases, however, the dif- 
ferences comprise more than just a dozen base 
pairs, making astronomical numbers of combi- 
nations possible. 


Although probably all microorganisms are ca- 
pable of exchanging genes with related strains, 
the possibility of natural genetic recombination 
in order to produce an industrially exploitable 
strain has not been used much. 


The simplest cell cycle is found in hap- 
loid yeasts. During a major part of their 
cell cycle, their set of chromosomes is 
haploid, in contrast to most other animals 
and plants with diploid chromosome sets. 
A normal yeast cell can only reproduce 
sexually if in contact with a related cell 
of the opposite sex or mating type. Both 


cells merge into a transient diploid cell producing 
haploid sexual spores whose gene combinations 
differ from those of their parent cells. Many diver- 
sions from this simple pattern are found in indus- 
trial yeasts. These sometimes contain several sets of 
chromosomes or replicate without going through a 
mating process. 


Cross-breeding (hybridization) of different strains— 
sometimes even species—plays an important part in the 
development of industrial yeasts. This applies, in partic- 
ular for yeasts that speed up high-tech bread-making 
processes or yeasts that increase alcohol production in 
distilleries, enabling the production of special beers in 
which almost the entire carbohydrate content has been 
metabolized (see Chapter 1). 


Natural recombination occurs not only in meiosis, 
but also under other circumstances. It is paramount in 
the production of the many shapes of antibodies and 
other molecules in the immune system (see Chapter 5). 
Some viruses use recombination to integrate their ge- 
netic material into their hosts DNA (see Chapter 5). 
Recombination can be used to manipulate genes, e.g., in 
knockout mice (see Chapter 8). 


B 3.10 Plasmids — Ideal Vectors for 
Genetic Material 


In 1955, during a dysentery epidemic, Japanese micro- 
biologists isolated a strain of the bacterium Shigella that 
defeated three kinds of antibiotics. The bacterium had 
become resistant. 


Over the following years, there was mounting evidence 
that the increasing use of antibiotics led to a rise in an- 
tibiotic resistance. Not only were the bacteria able to 
resist the attacks from antibiotics, but they also passed 
on their resistance to other bacteria, enabling them to 
produce enzymes that inactivate antibiotics in various 
ways. 


In 1956, the Japanese researcher Tsutomu Watanabe 
(1923-1977) solved the puzzle. 


Plasmids are small ring-shaped DNA elements (com- 
prising 3,000-100,000 base pairs) that are found outside 
the much larger main DNA in a bacterial cell (Fig. 3.29). 


A cell contains 50-100 smaller and 1-2 larger 
plasmids on average, most of which can reproduce in- 
dependently within the cell. If two bacterial cells estab- 
lish a contact between them, they can exchange large 
plasmids via pili and bridges (conjugation). 


Smaller plasmids, however, are not transferable. 
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The plasmid DNA itself does not directly confer antibi- 
otic resistance to bacteria but regulates the production 
of enzymes that inactivate antibiotics (e.g., penicilli- 
nases or enzymes that inactivate tetracycline) (Figs. 3.23 
and 3.24). 


Stanley N. Cohen (b. 1935, Fig. 3.25), a plasmid spe- 
cialist at Stanford University, California, was the first 
to decipher how plasmid DNA could be harnessed as 
transporters for genetic material or vectors. If it were 
possible to smuggle in some foreign DNA, a plasmid 
could act like a cuckoo that lays its egg (foreign DNA) 
into a nest (bacterial cell. What was needed was a 
method of opening up the DNA rings and inserting for- 
eign DNA. 


This is not as easy as it sounds. Although if stretched 
out lengthwise, the main bacterial DNA would be 
about a millimeter long (pp. 76—77), it is coiled up 
so tightly within the cell that it has a diameter of a 
thousandth of a millimeter. Plasmids, however, are yet 
a hundred times smaller. A gene for insertion into a 
plasmid is about a ten thousandth of a millimeter wide, 
and the DNA helix is only two millionths of a milli- 
meter thick. Using mechanical scissors and scalpels at 
this range would be utterly hopeless, and the "scissors" 
would have to find the exact cutting location by them- 
selves (Fig. 3.27). 


E 3.11 Scissors and Glue at a Molecular 
Level — Restriction Endonucleases and 
DNALigases 


In the 1960s, Werner Arber (Fig. 3.28), born 
in Geneva in 1929, along with US researchers 
Hamilton D. Smith (b. 1931), and Daniel Nathans 
(1928-1999), both at Johns Hopkins University, 
Baltimore, discovered a mechanism in bacteria that 
protected them from deadly viral invaders called 
bacteriophages—a discovery that earned them the 
Nobel Prize in 1978. Bacteriophages inject their DNA 
into the bacterial cell. 


The bacteria use enzymes called restriction endonu- 
cleases (restrictases for short) to cut up the viral DNA 
and put it out of action. The bacterial DNA, however, 
can be protected from restrictase action by some addi- 
tional methyl (CH3_) groups that block restrictase (more 
in Box 3.3). 


In 1970, it was found that restriction endonucleases do 
not cut DNA just anywhere, but very precisely at certain 
base pairs. Herbert W. Boyer (b. 1936, Fig. 3.24) from 
the University of California in San Francisco investigated 
the restriction endonuclease EcoRI (named after the Ё. 
coli strain RY 13). It cuts DNA only within the com- 
bination GAATTC, and only between bases G and A; 


Fig. 3.24 Herbert W. Boyer 

(b. 1938), cofounder of 
Genentech. "Wonder is what 
sets us apart from other 

life forms. No other species 
wonders about the meaning of 
existence or the complexity of 
the universe or themselves." 


Fig. 3.25 Stanley N. Cohen 

(b. 1935), a plasmid specialist, 
was one of the founding fathers 
of genetic engineering. 


Fig. 3.26 Visiting Mendel' s 
garden in Brno: If both parents 
(parental generation, P) differing 
by only one homozygous 
characteristic, have offspring, 

the individuals of the first filial 
generation (F1) are uniform and 
heterozygous regarding the 
aforesaid characteristic. When two 
individuals of the F1 generation 
produce offspring (F2), these are 
no longer uniform. Foreground: P, 
center: F1, background: F2. 


*The geneticist 
counts, the 
biochemist purifies." 
Arthur Kornberg 

(Nobel Prize laureate) 

in conversation with 
Siddharta Mukherjee 
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} Tetracycline 
: resistance gene 


Cleavage using 
EcoRI 


Kanamycin : 
resistance gene : 


Hybrid plasmid 


Joining 
by ligases 


Fig. 3.27 The first experiment in gene technology by Cohen and Boyer. 


and in the complementary strand CTTAAG, it cuts again 
between bases A and G: 


A 


3 XXXXXXXXG/ ААТТСХХХХХХХХ:5' 
S"XXXXXXXXCITAA/GXXXXXXXX-3 


Fig. 3.28 Werner Arber 
(b. 1929). 


This does not produce a clean cut, but two fragments 
with ends that stick out: 


3-XXXXXXG | AATTCXXXXXX-5' 
5-XXXXXXCTTAA | GXXXXXX-3' 


At low temperatures, the separated DNA does not fall 
apart, but its ends are loosely attached to each other. 


Janet Mertz (b. 1949), a collaborator of Paul Berg's 
(Fig. 3.51) Stanford University lab, found that the pro- 
truding A and T bases or G and C bases, called sticky 
ends, are held in place by electrostatic attraction. It is 
even possible to reattach them with an enzyme, the 
ATP-consuming DNA ligase. 


Fig. 3.29 Plasmid pSC101, also 
called plasmid necklace by 
Stanley Cohen. 
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Such scissors and glue for DNA had been found in- 
dependently by several researchers; so, it made sense to 
combine the results of their efforts. 


Over 3,600 restriction endonucleases, divided into three 
subcategories, are known today. Only a few of them, 
however, are relevant for genetic engineering. There are 
also restriction endonucleases that produce a clean cut 
and smooth ends, which are called blunt ends. Pvu II 
from Proteus vulgaris and Alu I from Arthrobacter lu- 
teus are cases in point. 


There are also several enzymatic scissors that produce 
identical ends—restriction endonucleases BamHI (rec- 
ognition sequence GGATCC) from Bacillus amylolique- 
faciens and BglII (recognition sequence AGATCT) from 
Bacillus globigii give rise to the same sequence GATC, 
at both sticky ends. The gene fragments produced by 
one of these enzymes can thus be combined with those 
produced by the other. 


E 3.12 First Experiments in Gene 
Technology — Croaking Bacteria? 


Early in 1973, not even a year after the discovery of 
the appropriate tools, Stanley N. Cohen (b. 1935) and 
his collaborator Annie C.Y. Chang in Stanford joined 
forces with their colleagues from the University of San 
Francisco, Herbert W. Boyer (b. 1936, Fig. 3.24) and 
Robert H. Helling, to carry out the first experiment 
in gene technology. 


The researchers chose a small, nontransferable plas- 
mid, named after Stanley Cohen's initials pSC 101 
(Fig. 3.29), which occurs in large quantities in bacterial 
cells. It carries the Tc gene that confers resistance to the 
antibiotic tetracycline (Fig. 3.27). 


The plasmid was chosen because it contains just one 
GAATTC base sequence, to be cleaved by the restriction 
endonuclease EcoRI between bases С and A. If there 
had been more than just this one sequence, the plasmid 
ring would have been cut into several pieces rather than 
only cut once. 


In order to identify the bacteria containing the foreign 
gene, it was crucial that the restriction process did not 
disable the antibiotic resistance properties. EcoRI origi- 
nates from Е. coli, and the cutting process turns the plas- 
mid DNA ring into a linear structure with sticky ends. 
Cohen and Boyer used EcoRI to cut another plasmid 
derived from Ё. coli(pSC 102) that carries a resistance 
gene to kanamycin (Ka-gene, Fig. 3.27). Again, this 
plasmid had no more than one restriction site, and the 
Ka-gene was left intact by EcoRI. 


Box 3.3 Biotech History: 
Werner Arber and the Discovery 
of Molecular Scissors 


Contribution by Werner Arber, Nobel 
Laureate and President of the Pontifical 
Academy of Sciences 


First involvement with science 


I was born in Gránichen in the Swiss canton 

of Aargau in 1929. Between 1949 and 1953, 

I studied at the ETH Zürich and obtained a 
Diploma in Natural Sciences. Working for this 
diploma, I realized for the first time what it meant 
to do basic research. I isolated and characterized 
а new chlorine isomer, CI^, which had a halflife 
of 1.5s. Those studies at the ETH were broad 
and interdisciplinary. In the autumn of 1953, I 
took on a post as an assistant at the biophysical 
laboratory of the University of Geneva. 


My time in Switzerland—From tending 
the electron microscope to researching 
phages 


Under the supervision of Eduard 
Kellenberger (1920-2004) and supported 
by Gret Kellenberger (1919-2011), my 
tasks included looking after an electron 
microscope, which required a lot of tender 
loving care and was used primarily for the 
study of microbes. One of those studies 
involved the comparative analysis of lysates 
of phage л (see Вох 3.4) and of some of 

its mutants that were available to us. The 
nonmutated à wild-type particle has а 
spherical head containing DNA and a rod- 
shaped tail. The latter plays an important part 
in the infection of a host cell. 


When Е. coli bacteria become infected with 
phage A, several responses are possible. 
About 70% of infected cells will produce 
phage offspring and undergo lysis, releasing 
the offspring in the process. By contrast, 
approximately 3076 of infected cells survive 
and become lysogenic. 


Lysogenic bacteria carry the phage A genome 
at a specific site in their own genome. Every 
now and then, the phage will multiply 
spontaneously. The multiplication rate can 

be increased by UV radiation. The host cell 

is eventually lysed to release the phages. 
When looking at the lysates of certain phage X 
mutants under the electron microscope, only 
empty heads and free tails can be found, while 
in other mutants, the heads contain DNA, but 
no tails are visible. Such findings indicate that 
the mutants lack certain functions. 


At this point, the reader will want to know how 
such defective phage mutants can be multiplied 
and packed into infectious phage particles. 

By coinfection with wild-type phages, is 
the answer. The gene products of these helper 
phages are also available to the mutants in the 
host cell. If a mutant lacks a gene for the tail, 
it can use a tail produced by helper phages. 


The Pontifical Academy of Sciences is the most 
ancient Academy of Sciences in the world. 


On the day of my PhD viva, with Eduard 
Kellenberger and Jean Weigle (1958). 


Giuseppe (Joe) Bertani and Rudy Schmidt, 1980. 


Toward the end of my phage studies, I 
was given a defective mutant, A gal, which 
Larry Morse (1921—2003) had isolated in 
the laboratory of Joshua (1925-2008) and 
Esther Lederberg (1922-2006). 


When a host cell lysogenic for А gal was 
exposed to UV radiation, the cell would lyse 
as expected, but the lysate did not contain any 
structures attributable to the phage that could 
be recognized under the electron microscope. 


This prompted me to look more closely at the 
genetics of phage A and its derivative A gal. It 
turned out that à gal had some head and tail 
genes missing from its genome. Apparently, they 
had been replaced by bacterial genes responsible 
for the fermentation of the sugar galactose. 


The general assumption was that this 

could happen from time to time during the 
“illegitimate” excision of the genome from 
the host cell chromosome. The hybrid A gal 
genome became instrumental in specialized 
transduction—the horizontal transfer of 
bacterial genetic information from a donor 
cell to a different receptor cell. 


Phage-mediated transduction was first 
discovered by Norton Zinder, working with 
Salmonella bacteria and their phage P22 in 
Joshua Lederberg’s laboratory. Soon, it was 
found that phage P1, which had been isolated 
by Joe Bertani (1923-2015) in Los Angeles, 
can also mediate the transduction of host 
genes between Ё. coli hosts. 
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Subsequently, it turned out that in phages 
P22 and P1, the transfer mechanism does 
not involve the formation of a hybrid, as 

it does in A gal. In phages P22 and Pl, a 
different fragment of host DNA is packaged 
into the head of the phage. This “general 
transduction” does not usually result in the 
autonomous multiplication of the transferred 
donor DNA. However, it can become inserted 
into the receptor genome and by chance 
impart a selective advantage to the receptor 
cell. The inventiveness of nature can find 
several routes to achieve the same purpose. 


In Los Angeles 1959—Transduction 


During my postdoctoral time in 1959, I worked 
in Joe Bertani's laboratory in Los Angeles, 
focusing on transduction. Among other things, 
I studied P1-mediated transduction of the X 
genome from a A-lysogenic bacterial genome 
and the transduction of the F (fertility) plasmid, 
which promotes bacterial conjugation. At 

that time, it became clear that viruses act as 
natural gene vectors and are thus important 
in long-term biological evolution. 


In the late 1950s, some genetic researchers 
were dreaming of isolating individual 
genes or DNA fragments from very large 
genomes in order to propagate them. This 
would supply them with sufficient purified 
material for structural and functional analysis. 
Phage A gal became the paradigmatic gene 
vector in these speculations. It was hoped 
that the insertion of foreign genes into the 
viral vector would not interfere with its ability 
to replicate. In preliminary experiments, 
shear forces were used to divide long DNA 
molecules into smaller fragments, which 
were then individually inserted into vector 
molecules that had autonomous replication 
capability (phage genomes or plasmids). 

These plans were given an efficiency boost 
several years later when bacterial restriction 
endonucleases became available. 


Back in Geneva in 1960: Damage to 
bacterial and phagal DNA through radiation 


I returned to the University of Geneva in 1960 
to become head of a small research group 

on radiation damage to bacteria and phages. 
The studies were funded by a special loan to 
promote the peaceful use of nuclear energy. 


I planned to work not only with the Е. coliK12 
strain I was familiar with, but also with the Е. coli 
B strain because there was a radiation-resistant 
mutant available. The problem was, however, 

that phage A could not adsorb onto £. coli B cells. 
Esther Lederberg suggested a solution. With the 
help of P1, I succeeded in transducing genes 

for the fermentation of maltose, adding to some 
of the Маї+ transductions a receptor for the 
adsorption of phage A. 


When I infected these derivatives with phage 
à К, which I had previously grown in Е. coli 
K12, I was confronted with a phenomenon 
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that had been described a few years earlier, 
but was as yet unexplained—host- 
controlled modification. When changing 
hosts, the infecting phage was often severely 
restricted in its propagation. 


Depending on the host cell, only one in 
10,000 or even 100,000 infecting phages will 
produce offspring. The offspring are usually 
not genetically mutated, but temporarily 
adapted to the new host (modified). Often, 
they can no longer return to their former host 
without suffering restriction. 


We now know that the genes for the 
enzymes in restriction and modification 
systems (R-M systems) are often part of 
the bacterial genome, and they can also 
be found on plasmids and viral genomes. 
Lysogenic bacteria for phage P1, for 
instance, contain a P1-specific restriction and 
modification system. The responsible genes are 
part of the viral genome, which, in contrast 
to A, is not inserted in the host genome. As 

a plasmid, it multiplies autonomously in 
harmony with the host's growth. 


The decisive experiment 


In view of this background, I began to look 

into the possibility that restriction and 
modification could occur within the viral 
DNA, rather than virus particles obtaining the 
key for reinfection from importing a host protein. 


A preliminary experiment pointed me toward 
the first explanation. Phage preparations are 
usually the result of several multiplication 
cycles within their host cells. Not much is left 
of the original parental DNA strands. A one- 
cycle lysate of a phage-infected bacterial cell, 
by contrast, will contain about 1% of phage 
progeny with a parental DNA strand. In host 
cells infected with several phages, progeny 
particles can be found that contain even a 
parental DNA double strand. 


The result of my lab experiment showed that 
P1-specific modification is completely lost in 
a multicycle lysate of А in а nonlysogenic host 
(the probability of returning into P1-lysogenic 
bacteria is 107°), whereas—other conditions 
being equal—the probability of reinfection of 
a P1-lysogenic host is still 107? in a one-cycle 
lysate of A. 


This is the proportion of phage particles 
with parental DNA, as I could demonstrate 
with two methods. The first experiment 
made use of the suicide effect in parental 
DNA strands heavily loaded with ?P 

radio isotopes after a subsequent one-cycle 
multiplication in nonmodifying host bacteria 
in a nonradioactive growth medium. With 
the decay of the ?P atoms (the half-life is 
2 weeks), the phage progeny still growing 
in the P1-lysogenic host were also lost. 
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This showed that parental, P1-specific 
modification is located on the parental 
DNA strand. These findings were confirmed 
decisively in another experiment with 
deuterium-tagged phages and CsCl density- 
gradient centrifugation. 


X phages under 
the electron 
microscope. 


Foreign DNA is rapidly degraded by 
enzymes! 


At about the same time, our doctoral student 
Daisy Dussoix followed Gret Kellenberger's 
suggestion and was able to demonstrate that, 
in all cases of restriction, the foreign DNA 
entering the bacterial cell is degraded 
immediately and becomes soluble in acid. 


These findings led us to surmise at the time 
that the restriction studied in phages 
not only restricts infection by phages, 
but generally restricts the uptake of 
foreign DNA molecules by bacteria. We 
were able to show in our experiments that 
restriction also affects bacterial conjugation, 
the uptake of free foreign DNA molecules 
in transformation, and virally mediated 
transduction. We came up with the 
interpretation that restriction enzymes in 
bacteria help to recognize foreign DNA as 
such and degrade it fairly rapidly. 


However, this not absolutely tight 

natural restriction leaves a loophole for 
evolutionary progress, as (usually small) 
DNA segments may slip into the safety of the 
new host genome before they are destroyed. 
Due to the universal nature of the genetic 
code, such foreign DNA fragments taken up 
in small steps may sometimes even convey a 


selective advantage to the receptor bacteria. 


The modification aspect in all R-M systems 
clearly protects the cell's own DNA 

from degradation by restriction enzymes. In 
1963, we were able to show in experiments 
with methionine-dependent bacteria that 
modification relies on the sequence-specific 
methylation of nucleotides in the DNA, 

as had been assumed by Gunther Stent 
(1924-2008). The methylation of DNA by 
DNA methylases also plays a pivotal role 
in epigenetics (more on this in Box 3.5). 


Restriction enzymes are hydrolytic 
enzymes—endonucleases! 


In the following years, some researchers 
focused on the identification of the genes 
responsible for R-M systems and for their 
products. The first successes came in the late 
1960s, and it turned out that the restriction 
enzymes were endonucleases, and the 
modification enzymes were DNA methylases, 
as had been expected. Again, the inventiveness 
of Nature was simply stunning. R-M systems 
can be classified into various types and 
subtypes. In type II, endonucleases are 
usually sequence-specific and functionally 
independent of DNA-protecting methylases. 


In type I systems, by contrast, endonuclease, 
methylase, and a protein product for the 
recognition of sequences form subunits of a 
larger enzyme complex. Upon activation on 
a nonmethylated recognition sequence, the 
endonuclease cuts the foreign DNA more 
or less randomly outside the recognition 
sequence when two DNA-translocating 
enzyme complexes meet. 


The idea of gene scissors—genetic 
engineering is born 


Once type II enzymes became available, 

the prototype of which was isolated and 
functionally investigated by Hamilton Smith, 
an idea discussed earlier—sorting out certain 
genome sections in order to multiply 
them for analytic purposes—was revived. 


Top: Werner Arber, discoverer 
of restriction enzymes (right), 
and Hamilton Smith (b. 1931). 


Bottom: Daniel Nathans 
(1928-1999). 


Following Nature’s example, researchers in 
gene technology utilized natural gene vectors 
into which restriction fragments of DNA 
sections to be studied had been inserted. The 
restriction fragments were then separated 
using gel electrophoresis. This was a major 


step toward restriction-based gene mapping. 
In addition, targeted mutagenesis procedures 
for functional studies were developed. 


Basel and Asilomar—Risks in modern 
DNA technology? 


Many researchers in gene technology were 
Worried about potential risks involved in 
their work, as was the case at a workshop on 
R-M systems organized near Basel through 
EMBO, the European Molecular Biology 
Organization (EMBO), in the autumn of 
1972. Prompted by a letter from ten US 
researchers published in the journal Science, 
an international conference took place in 
Asilomar, California, in February 1975. The 
conference took a critical stance on the 
potential risks of gene technology. 


Suggestions were made to differentiate 
between immediate and long-term 
evolutionary risks. 


Immediate risks would include pathogenic, toxic, 
allergenic, or other noxious effects on research 

staff. It was suggested that such risks should be 
experimentally investigated before an application 
Would be made accessible to a wider circle of users. 
This should be done under conditions that have 
been tried and tested in medical microbiology for 
analyzing patient samples. 


There were no concrete plans in 1975 
for the targeted release of genetically 
modified organisms. However, the question 
was raised whether inserted or modified 
genetic information from released organisms 
could be spontaneously transferred to other 
organisms in a particular ecosystem. 


This prompted me and other scientists to look 
more deeply into molecular mechanisms of 
spontaneous genetic variation, the force 
behind biological evolution. Microbial 
evolution is a good starting point, and the 
comparison of DNA sequences between more 
or less closely related species in evolutionary 
terms may give an indication as to how widely 
applicable insights gained from experiments are. 


Strategies in Nature and gene technology 


Over time, it emerged that Nature follows 

three qualitatively different strategies to 
bring about genetic changes—local changes 
in the nucleotide sequences, restructuration 
of DNA segments within the genome 
(including duplication, deletion, or inversion 
of a segment), and finally the acquisition of a 
short segment of foreign genetic information 
through horizontal gene transfer. 


Each of these three natural strategies for 
genetic variation can be linked to a range of 
Specific molecular mechanisms that are set 
into motion by specific gene products as well 
as nongenetic factors. 


Prof. Werner Arber. 


There are no fundamental differences 
between these strategies and methods 
used in genetic engineering. 


Experience shows that natural biological 
evolution has been very successful without 
major setbacks, resulting in an abundance 
of species. 


As the methods used in genetic engineering 

are largely comparable to natural processes, 

it can be assumed that the potential risks to 
evolution arising from genetic engineering 
are small and not significant. Let us not 
forget that the genetic information that can 
become inserted by genetic engineering has 
been around in Nature for a long time and it can 
sometimes play a part in biological evolution. 


In this light, the use of gene technology 
in biotechnological applications can be 
approved, especially where it helps to secure 
a balanced food supply and scientifically 
based medical treatment for all human 
beings. 


The general conclusion is that there is a large 
variety of molecular mechanisms in Nature— 
and all achieve the same purpose—keeping 
horizontal gene transfer at a low level, but 
not preventing it altogether. This ties in with 
slowly progressing biological evolution. 


The author meeting Werner Arber and daughter 
Silvia, now a Professor of Neurobiology, in Basel. 
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Werner Arber recalls: 


Our two daughters, Silvia and Caroline, were 
born in 1968 and 1974. 


When in the autumn of 1978, Silvia heard 
about me being awarded the Nobel Prize, 
she not only wanted to know what it was, 
but also why I was chosen to be awarded 
the prize. After I had explained to her 

in simple terms the underlying principle 

of restriction enzymes, she paused for 
reflection and then came up with her own 
fairy tale, which has now become known all 
over the world: 


“The tale of the king and his servants 


When I come to the laboratory of my father, 
I usually see some plates lying on the tables. 
These plates contain colonies of bacteria. 
These colonies remind me of a city with 
many inhabitants. In each bacterium there is 
a king. He is very long, but skinny. The king 
has many servants. These are thick and short, 
almost like balls. My father calls the king 
DNA, and the servants enzymes. The king is 
like a book, in which everything is noted on 
the work to be done by the servants. For us 
human beings these instructions of the king 
are a mystery. 


My father has discovered a servant who 
serves as a pair of scissors. If a foreign king 
invades a bacterium, this servant can cut him 
in small fragments, but he does not do any 
harm to his own king. 


Clever people use the servant with the 
scissors to find out the secrets of the kings. 

To do so, they collect many servants with 
scissors and put them onto a king, so that the 
king is cut into pieces. With the resulting little 
pieces, it is much easier to investigate the 
secrets. For this reason, my father received 
the Nobel Prize for the discovery of the 
servant with the scissors.” 


From http://www.nobelprize.org/nobel_ 
prizes/medicine/laureates/ 1 978/arber-bio. 
html 
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Fig. 3.30 Diagram of the cloning 
process of amammalian gene. 


DNA-Ligase 


Fig. 3.31 DNA model, presented by 
biodesigner Ivan Konstantinov. © 
Ivan Konstantinov, Moscow https:// 
www.visual-science.com (see also 
Chapter 5). 


What Can Be Read From a Gene? 


“Genes are not like engineering blueprints; they are 
more like recipes in a cookbook. 


They tell us what ingredients to use, in what quantities, 
and in what order—but they do not provide a complete, 
accurate plan of the final result.” 


lan Stewart, Life’s Other Secret, New York 1998. 
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As both plasmids had been cut at the same site 
G/AATTC., they had corresponding sticky 
ends. Electrostatic attraction forces between 
the restriction sites made differing fragments 
loosely hang together. The researchers now 
added "gluing" DNA ligase (Fig. 3.34) to the 
mixture and thus produced new, larger, re- 
combinant plasmids. 


In a last step, called transformation, the re- 
combinant DNA was transferred into bacte- 
ria by adding calcium chloride (СаСі,) to a 
solution containing Æ. coli bacteria. Calcium 
chloride is a salt that renders cell walls per- 
meable for DNA (Fig. 3.30). This artificial pro- 
cess, found nowhere in nature, enabled new 
plasmids to be introduced into the bacteria 
(see also Fig. 3.23). Finally, the crunch came 
when the bacteria solution was spread over 
nutrient plates containing tetracycline as well 
as kanamycin. 


As expected, most of the bacteria died, but 
a few survived. They were bound to contain 
the artificially created plasmid conferring 
dual resistance. These bacteria were able to 
produce enzymes that inactivated both kana- 
mycin and tetracycline. The surviving bacte- 
ria proliferated to form cell colonies of about 
100 million identical offspring, all carrying 
the new recombinant DNA. A clone had 
been formed: a group of genetically identical 
organisms. 


This success encouraged Cohen and his 
collaborators to go ahead with their next 
experiment. They recombined DNA seg- 
ments of plasmids taken from different 
types of bacteria—pSC 101 from Ё. coli 
and a plasmid from a penicillin-resistant 
Staphylococcus aureus strain. The S. aureus 
plasmid contained four restriction sites for 
EcoRI and was thus divided into four pieces. 
Only one of them contained the penicillin- 
resistance gene; so, the number of possible 
combinations was higher than in the first 
experiment. The moment of truth came 
when the engineered bacteria were spread 
on nutrient plates containing tetracycline as 
well as penicillin. 


There was an outbreak of joy in Cohen's lab— 
the recombinant plasmid worked in Ё. coli 
cells! For the first time, genetic material 
from diverse species had been success- 
fully transferred. However, the "crossing 
of barriers that normally separate biological 
species from each other,” as Cohen described 
the experiment rather prematurely, had not 
yet been achieved. We now know that this is 
the way diverse microorganisms, including vi- 
ruses, can "naturally" exchange genetic mate- 
rial. A virus infection could thus be described 
as a gene transfer! (Fig. 3.31). 


Spurred on by these successes, it was now a 
matter of raising the stakes and crossing even 


Box 3.4 Useful Gene Transporters 


Plasmid pBR322 


Plasmid pBR322, a very popular tool in 
genetic engineering, was developed from 

Е. colitoward the end of the 1970s. The p 
stands for plasmid, and BR for the initials 

of the scientists involved, Bolivar and 
Rodriguez. The number 322 distinguishes 
this particular plasmid from others created in 
the same lab, such as pBR325, pBR327, etc. 


pBR322 contains genes for tetracycline- and 
ampicillin-resistance enzymes, as well as sites 
where it can be cut by specific restriction 
endonucleases and matching DNA sequences 
inserted. If the restriction endonuclease 

is EcoRI, both antibiotic resistance genes 
remain intact. If, however, BamHI is used, the 
tetracycline resistance (fc) gene is broken up 
and the foreign gene is inserted into it. 


The genetic and physical map of pBR322 
shows the positions of the two resistance 
genes, amp for ampicillin and tc for 
tetracycline, the replication starting point 
ori, and the restriction sites for important 
restriction endonucleases. 


EcoRI Hind і 


4363 bp 


These cells are resistant to ampicillin, but not 
to tetracycline, and they can thus be easily 
selected later. 


Cells that have not taken in the vector are 
sensitive to both antibiotics, while cells that 
contain pBR322 and no insertion are resistant 
to both. 


)-Phage 


A-Phage (lambda phage) is a versatile 
creature. It can either destroy its host or 
become part of it. In the first case, it will lyse 
the host cell while rapidly producing its viral 
DNA and packaging it into viral particles 


(lytic cycle). 


The other option is a lysogenic cycle, which 
involves integrating the viral DNA into the 

host genome where it can be reproduced and 
carried from generation to generation without 
damaging the host. 


Certain environmental changes can suddenly 
activate dormant viral DNA. It separates 
from the host genome, starting a lytic cycle. 
Phage DNA contains 48 kb, and large parts 
of it are not needed for the infection process. 
The genes for the lysogenic cycle can thus be 
replaced by foreign DNA, making it an ideal 
vector. 


Phage mutants have been developed 
specifically for the cloning of DNA. Their 
DNA can be cut by EcoRI in only two sites 
(compared to five in the wild type). This 
results in three sections, of which the middle 
one is removed. 


The middle section is replaced by a matching 
long DNA sequence (about 10 kb), using 
ligases. The modified phage has not lost its 
infectiousness but has lost its ability to run 

a lysogenic cycle, i.e., it cannot lie dormant. 
This makes it a very desirable cloning vector. 
Phage 4 finds it easier than plasmids to enter 
a bacterial cell, and it can introduce larger 
DNA sequences. 


It has also been possible to create hybrids of 
A-phages and plasmids, known as cosmids. 
The name is derived from DNA sequences 
called cos, which originate from the phage A 
genome. 


These sequences enable cosmids to carry 
larger genes (up to 45 kb). They are then 
packaged into phages that introduce the 
foreign genes into bacteria. Cosmids 
containing an ampicillin-resistance gene 
convey to the bacteria the ability to survive 
in a culture medium laced with ampicillin. 
These bacteria will then reproduce and 
thereby replicate the foreign DNA. 


The M13 Phage 


M13 is a filamentous phage, looking 
completely different from phage A. The 
threadlike virus is 900 nm long and it has 
a diameter of only 9nm. Its single-stranded 
DNA is ring-shaped, (sometimes also called 
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the +strand) and enclosed in a protein 
envelope consisting of 2,710 identical protein 
subunits (see Chapter 5). 


Intriguingly, the virus enters Е. coli through 
their F pilus, which enables the exchange of 
DNA between cells. M13 is a very attractive 
vector option because the cloned DNA can be 
obtained as single-stranded DNA. Especially 
in DNA sequencing and in vitro mutagenesis, 
cloned genes are required as single strands 
(see Chapter 10). 


M13 is used in the phage display 
technique (see Chapter 5). 


M13 DNA is not inserted into the bacterial 
genome, as is done with phage A, and the 

cell is not lysed. The bacterium grows 

and divides, albeit at a slower rate than 
noninfected cells. The daughter cells continue 
to release M13 phages. 


exchanging 
plasmids 


About 1,000 new M13 phages are produced 
in every new generation. As M13 does not 
kill its host, it can be grown in large quantities 
and it is easily harvested. 


M13 also grabbed the headlines in a totally 
different field: Batteries! 


In 2006, Angela Belcher, MIT Professor of 
Materials Science, Engineering and Biological 
Engineering, demonstrated that genetically 
engineered M13 viruses can work as positive 
electrodes in lithium-ion batteries. 


The insertion of further nucleotides into 
the viral DNA led to the expression of an 
additional peptide that binds to cobalt ions. 


When brought into contact with a solution 
containing cobalt salts, the virus develops a 
cobalt oxide coating. 


Used in batteries, cobalt has a much higher 
storage capacity than the conventionally 

used carbon-based materials in lithium-ion 
batteries. It is a first step toward high-capacity, 
self-assembling batteries. 
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Fig. 3.33 The African clawed frog (Xenopus laevis), a 
new lab inhabitant alongside mice and rats, is very 
easy to keep and is long lived. Its name (strange foot) 
derives from its black claws. This extremely greedy 
amphibian, more than 4 in. long, has become quite a 
pest since it was introduced into California. 


Fig. 3.34 DNA ligase, the glue that sticks the cut DNA 
sections together, is an ATP-dependent enzyme (see 
Chapter 2). Ligase is an indispensable tool in genetic 
engineering. The cofactor ATP (shown here in red) 
and a lysine residue (magenta) are essential to the 
process. 
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Fig. 3.32 Insertion and cloning of African clawed frog DNA into bacteria. 


higher barriers: the species barrier between 
bacteria and frogs—the African clawed frog 
(Xenopus laevis), to be precise (Fig. 3.33). 


Genomic DNA was isolated from clawed frogs 
and cut with EcoRI restriction enzymes. EcoRI 
was also used to cut the bacterial plasmid pSC 
101 (Fig. 3.32). 


The frog DNA attached to bacterial DNA 
and was glued with ligases, then introduced 
into Æ. coli cells and replicated. Those cells 
containing the new recombinant frog/bacte- 
rium plasmid could be identified due to their 
tetracycline resistance and—frog DNA not 
containing any antibiotics resistance gene—by 
chemically analyzing the amino acids). 


On July 27, 1973, it was established that frog 
DNA had been “accepted” by bacteria. 


The new plasmid was reproduced 1,000-fold 
during the 1,000 cell divisions—identical cop- 
ies were made, i.e., the frog-bacterium plas- 
mid had been cloned. 


This was not yet a new species—after all, 
less than a thousandth of the bacterial DNA 
originated from the frog, and the manipu- 
lated bacteria did not croak like frogs, 
as researchers joked. However, something 
far more important had been achieved—a 
universal method of genetic engineer- 
ing had been developed that could be used 
to produce and analyze large amounts of the 
heretofore completely inaccessible genetic 
material of higher organisms. The technol- 
ogy for cloning DNA was now available 
(Fig. 3.30). 


B 3.13 How to Obtain Genes 


Unfortunately, the production of higher or 
ganisms’ proteins was not as easy as the 
"chopped-up frog DNA" experiment might 
suggest, because the DNA of higher organisms 
is interspersed with introns, containing 
nonprotein-coding information. 


Cleaving such intron-riddled DNA of higher eu- 
karyotic organisms with restriction endonucle- 
ases would be futile. It would be possible to clone 
thousands of foreign DNA sequences to insert 
into plasmid DNA, but this would hardly produce 
a functional protein (Figs. 3.34 and 3.35). 


In a best-case scenario, the result would be 
a protein containing all relevant amino acids 
coded in the exons but interspersed with su- 
perfluous amino acids derived from introns. 


Gene technologists opted therefore not to use 
the DNA of higher organisms, which is loaded 
with introns, but to obtain mature mRNA, 
which contains only the coded structural de- 
signs of proteins and no introns. The prob- 
lem is how to bring together single-stranded 
mRNA with double-stranded plasmidic DNA 
(Box 3.6). 


Luckily an enzyme was found in retrovi- 
ruses, reverse transcriptase (revertase), 
which can retrotranscribe single-stranded 
RNA into double-stranded DNA (as men- 
tioned in Section 3.3). The genetic material 
of retroviruses does not consist of DNA, but 
of a single-stranded RNA molecule (Box 3.7; 
Fig. 3.36). 


When such viruses infect host cells contain- 
ing DNA (see Chapter 5), their revertase tran- 
scribes their single-stranded viral RNA into 
double-stranded DNA that can be inserted into 
the host DNA (Fig. 3.23). 


Revertase was used to synthesize a DNA 
strand along the mRNA strand. This DNA re- 
sulting from copying RNA is called copy DNA 
(СОМА). 


If the amino acid sequence of a protein is 
known and the corresponding mRNA cannot 
be isolated from cells, there is another way: 
chemically synthesizing the gene. 


This is, of course, also a way of produc- 
ing DNA that does not occur naturally. 
Nowadays, there are DNA synthesizers 
(Box 3.9), which use a start nucleotide bound 
to carrier material (such as silica gel or glass 
beads). Nucleotides are attached to these in 
the desired sequence. By 1988, it was possi- 
ble to synthesize 30 base-long DNA fragments 
in a day. In 1979, this would still have re- 
quired 6 months of teamwork. Nowadays, it 
only takes a few hours to synthesize complete 
“tailor-made genes.” 


B 3.14 Human Insulin From 
Bacteria? 


In July 1980, 17 volunteers at Guy’s Hospital, 
London, were given insulin injections that 
made headlines in the newspapers. What was 
so sensational about them? After all, millions 
of patients worldwide were treated with in- 
sulin every day. The insulin was obtained from 
the pancreases of cattle and pigs. The substi- 
tute insulin is supposed to regulate the blood 
sugar level in diabetics and avert the serious 
effects of a disease that has become one of 
the three top causes of death in the industrial 
world (see Box 3.8). 


Type I diabetes sets in before the 20th year 
and is caused by autoimmune destruction of 
the insulin-forming cells in the pancreas. Type 
П diabetes, by contrast, tends to develop in 
middle age (90% of all diabetics), especially in 
overweight people (see Chapter 10). 


The 17 volunteers mentioned above were 
the first humans in medical history who were 
treated with a mammalian hormone that was 
not derived from the organ of a mammal, but 
from bacteria. This was the first test of a gene- 
tically engineered substance on humans. Two 
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years later, an official license for the medical 
application of genetically engineered insulin 
was granted. 


Proinsulin 


Demand for insulin is incredibly high. 
One single diabetic patient would require the 
pancreases of 50 pigs to cover a year's supply. 
Hoechst, one of the major insulin suppliers at 
the time, processed 11 tons of pigs' pancreases 
per day, provided by over 100,000 slaughtered 
animals (Fig. 3.54). 


However, since 2005, animal insulin is no 
longer sold in Germany. 


In the United States, Eli Lilly and Co. dis- 
continued their sales of animal-based insulin 
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Fig. 3.35 Synthesis of rat proinsulin in bacteria. 


Nuclease 


Fig. 3.36 Top: Reverse transcriptase and its claw-like 
structure. Bottom: Two activities take place at the 
reverse transcriptase molecule. Polymerase activity 
produces an RNA-DNA hybrid molecule, while 
nuclease activity degrades the now-redundant RNA 
and the DNA strand is complemented to form a double 
strand. 


Fig. 3.37 The DNA steel model by Sebastian Kulisch at 
the Max-Delbrück-Centrum, Berlin Buch. 
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Fig. 3.38 Insulin synthesis in the islet cells of the 
pancreas. 


The diagram shows a typical insulin gene in 

a mammalian cell, including introns, coding 
sequences (exons), and regulatory sequences 
needed for transcription. 


Right in front of the insulin gene (in the flanking 
region at the 5' terminus) lie several sequence 
elements that are crucial for the production of 
insulin. They bind to several regulatory proteins 
that turn on their activity. In cells that do not 
produce insulin, these DNA sections are blocked by 
other proteins. 


RNA polymerase begins its transcription 

process immediately behind these sequences. In 
eukaryotes, the termini of the transcribed mRNA 
are modified by a 5' cap and a 3' poly(A) tail. 

The cap protects the mRNA from degradation by 
phosphatases and nucleases and enhances the 
translation process, while the poly(A) tail is not 
coded in the DNA and seems to stabilize the mRNA. 


Even after the translation process in the ribosome, 
the speed of insulin synthesis can still be 
regulated. The preproinsulin molecule (110 amino 
acids) is longer than the active hormone. At the 
amino terminus, specific enzymes cleave off a 
short section (24 amino acids), i.e., the signaling 
sequence that enabled its passage through the 
membrane at the endoplasmic reticulum. 


The resulting proinsulin has a middle section in the 
peptide chain, called the C-peptide, which is then 
removed in order to produce insulin from the short 
Aand B chains, held together by disulfide bridges 
(S-S, shown in red) between the cysteines. 


The amount of active protein available is often 
determined only after its synthesis by a bodily 
process involving feedback regulation. 


Fig. 3.39 Spatial structure of an insulin molecule 
with disulfide bridges (yellow) and a-helices of the 
Aand B chains (magenta and cyan). 


Iletin in 2005, too. By then, the product was bought by 
a mere 2,000 customers who, it was suspected, might 
have bought it for their diabetic cats or dogs. lletin as 
a brand had been introduced by Lilly in the 1920s and 
was the last insulin product that was still made from 
mashed animal pancreases. 


According to the World Health Organization, 676 of the 
World's population has diabetes. The total number to- 
day is four times what it was in 1980. What's more, 
the number is rising most rapidly in low- and middle- 
income countries. The incidence is increasing rapidly, 
and it is estimated that by the year 2030, it will be 643 
million and by 2045 predicts 783 million cases. 


Diabetes rates in North America have been increasing 
substantially for at least 25 years. In 2018, there were 
34.2 million people of all ages suffering from diabe- 
tes—or 10.5% of the US population. About 5-10% of 
diabetes cases in North America are type I; the rest are 


type II. 


The American Diabetes Association pointed out that 
one in three Americans born after 2000 will develop 
diabetes in their lifetime. The Centers for Disease 
Control and Prevention have termed this development 
an epidemic. 


E 3.15 Insulin Synthesis in Humans 


The hormone insulin is a small molecule consisting 
of two protein chains, one (A-chain) made up of 21, 
the other (B-chain) of 30 amino acids. Fred Sanger 
1918-2013) had begun deciphering its primary struc- 
ture in 1945, and it took 10 long years of hard work in 
the basement of the Biochemical Institute in Cambridge 
England) to accomplish it (Fig. 3.39). 


At the time, trying to analyze insulin was considered a 
oolhardy undertaking. Sanger used crystallized insu- 
in from 120 cows as raw material. He was awarded 
the Nobel Prize in 1957, only 3 years after decoding 
the sequences of all 51 amino acids in the two insulin 
chains. 


Both chains are first synthesized in the B-cells of the 
Langerhans islets of the pancreas as parts of a longer 
chain of 110 amino acids. The long-chained version is 
known as preproinsulin (Fig. 3.38). 


Like precursors of other peptide hormones, it is secreted 
into the endoplasmic reticulum. Its first 24 amino ac- 
ids are the signal for the cell membrane to release the 
insulin from the cell. During its passage through the 
membrane, these 24 amino acids are separated from the 
chain by enzymes (peptidases) and remain in the cell. 
The remaining 86 amino acids are called proinsulin, 
consisting of the B-chain, C-peptide, and A-chain. 
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Fig. 3.40 Finding proinsulin-producing bacterial colonies using antibodies in a 


radioimmunoassay. 


The beginning and end of the molecule (B and A) inter- 
act with each other, binding via two disulfide bonds 
(-S-S-). Then, the central part of the molecule (C-chain 
or C-peptide, consisting of 35 amino acids) is separated 
by membrane-bound enzymes (proteases) in the Golgi 
complex of the cell. 


The C-chain gives the A and B-chain the correct orien- 
tation in relation to each other, a prerequisite for the 
correct spatial folding of the fully functioning insulin. 


Active insulin and C-peptide are stored in vesicles and 
released together upon a stimulus signal. The daily “con- 
sumption" of insulin in a human is about 1.8 mg. 


Fig. 3.41 Rosalyn Sussman 
Yalow (1921-2011) developed 
the radioimmunoassay (RIA) 
method and was awarded the 
Nobel Prize in 1977. 
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Fig. 3.42 Walter Gilbert (b. 1932) was 
awarded the Nobel Prize for Chemistry 
in 1980. 


Fig. 3.43 Frederick G. Banting (1891-1941) studied 
medicine and began to practice medicine in London, 
Ontario. He gave lectures on endocrinology at the 
University of Ontario. On the night of October 31, 1920, 
during his routine reading of articles in a medical 
journal, he wrote down an idea for a method to isolate 
the internal secretion of the pancreas. Dissatisfied with 
his practice and fascinated by his idea, Banting left 
London and moved to Toronto. 


There, in May 1921, he began his research at the 
University of Toronto, under the supervision of 
Professor John Macleod (1876—1935). He was assigned 
a single assistant to help him, the student Charles Н. 
Best (1899-1978). During a summer of intense work, 
Banting tested his idea, performing operations on dogs 
to tie up their pancreatic ducts. A pancreas extract 
would then be made from it and administered to dogs 
with diabetes. The method worked! Banting could 
keep dogs with diabetes alive with the extract. He 
enthusiastically reported his findings to Macleod, who 
had been away on his summer holidays. The use of 
dog pancreases was soon abandoned in favor of using 
the pancreas from calves and cows. All the efforts 
concentrated on extracting a substance named insulin 
from a normal pancreas. Insulin was put into mass 
production in a matter of months. 


In 1923, Banting and Macleod received the Nobel Prize 
in Medicine. Banting shared the award money with 
Best, believing that Best deserved the Prize more than 
Macleod. 
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ш 3.16 Rat Proinsulin— 
The Beginnings of Genetic 
Engineering 


In order to produce genetically engineered in- 
sulin using bacterial cells, Walter Gilbert (b. 
1932, Fig. 3.42) and Lydia Villa-Komaroff 
(b. 1947) from Harvard University used ani- 
mal cancer cells—f-cells of a rat pancreatic 
tumor. When they were beginning their re- 
search, experimenting with human genes was 
still prohibited. 


The mRNA of the cancer cells was transcribed 
into cDNA using reverse transcriptase and 
then cut with restriction endonucleases. 
The resulting sticky ends were inserted into 
the DNA of bacterial plasmids carrying resis- 
tance to penicillin as well as to tetracycline 
(Figs. 3.35 and 3.36). These plasmids were 
then introduced into bacterial cells. A clone 
was grown from each of these cells, and they 
were spread on plates with nutrient agar 
containing penicillin and tetracycline for 
selection. 


Would any of these clones be able to produce 
rat proinsulin? In order to find out, Gilbert 
and his collaborators put large amounts of 
proinsulin antibody (produced by mice 
injected with the protein) on plastic plates. 
Antibodies bind easily by adsorption to 
plastic such as polystyrol (PS, Fig. 3.40). 
Antiproinsulin antibodies can be created in 
mice by injecting them with the protein. The 
researchers then brought the antibody-coated 
plates into contact with the bacterial col- 
onies. By adding lysozyme, the cells were 
lyzed and their content could be analyzed 
(see Chapter 2). 


If the cells contain any protein from the pro- 
insulin amino acid sequence, that protein is 
bound to the antibodies on the polystyrol plate 
(Fig. 3.40). The antibodies are also called cap- 
ture antibodies. 


How can we know if and where proinsulin 
has bound? A solution containing radioac- 
tively labeled detector antibodies that 
also recognize proinsulin and bind to it is 
incubated on the PS plate. If the result is 
positive, a sandwich structure forms. The 
plate binds the capture antibody, the antibody 
binds proinsulin, and the proinsulin molecule 
binds, with its other end, to the radioactively 
labeled detector antibody. In the absence of 


proinsulin, the detector antibodies will not 
bind and are washed away in a subsequent 
step. In this case, there is no sandwich forma- 
tion and no bound radioactivity. This method 
is called a radioimmunoassay (RIA, see also 
Chapter 10). 


In 1959, Rosalyn Sussman Yalow (1921— 
2011, Fig. 3.41) and Solomon Berson 
(1928-1972) in New York developed the 
first RIAs to detect insulin in blood (they 
were awarded a Nobel Prize in 1977) to- 
gether with Roger Guillemin (b. 1924) and 
Andrew V. Schally (b. 1926). Since the 
antibodies carry radioactive labeling, they 
are detected when the plate is placed on a 
sensitive X-ray film (autoradiography, see 
Chapter 5). 


One clone that elicited a positive reaction 
and blackened the film produced the same 
effect on a polystyrol plate that carried not 
proinsulin, but penicillinase antibodies. In 
other words, the synthesis product detected 
by the antibodies appeared to be a mixed 
penicillinase-proinsulin product. The pro- 
insulin gene had been inserted right into the 
penicillinase gene (Fig. 3.40). 


When the clone was isolated and the cells 
were grown in a liquid nutrient medium, 
it was possible to isolate the mixed protein 
from the culture solution without having 
to destroy the cells. Since the penicillinase 
part of the molecule had enabled it to pene- 
trate the cell membrane, it was found in the 
medium. 


The secretion of the protein into the medium 
was a major step forward in relation to the rat 
proinsulin that had been confined to the inside 
of the cell (Figs. 3.42-3.48). 


The penicillinase had been preceded by its sig- 
nal sequence, which enabled the export of 
the "protein thread" from the cell. Otherwise, 
the proinsulin molecule would have remained 
within the cell. 


The subsequent nucleotide sequence analysis 
of the foreign DNA contained in the bacterial 
plasmid showed that it indeed only contained 
the sequence for proinsulin. 


In order to obtain pure insulin from the 
penicillinase-proinsulin mixture, Gilbert used 
the digestive enzyme trypsin (see Chapter 2 
and Fig. 3.40) to remove the major part of the 


penicillinase segments as well as the middle (C) segment 
of the proinsulin molecule. 


This resulted in active insulin which, as researchers in 
Boston found, had the same effect on the sugar metabo- 
lism of fat cells as normal rat insulin. The bacteria had 
been able to produce “genuine” rat insulin! 


B 3.17 DNA-Hybridization — How to Find 
Bacteria Using DNA Probes 


In the case of rat proinsulin, the recombinant clone was 
found by detecting the gene product with the help 
of antibodies in a sandwich radioimmunoassay. It is, 
however more common to detect bacteria (engi- 
neered or not) by using DNA probes. 


This is done by utilizing the DNA hybridization 
process, the formation of double-stranded DNA from 
complementary single strands of diverse origins, re- 
sulting in a hybrid molecule. When searching for a 
specific DNA sequence in bacteria, a complementary 
single-stranded oligonucleotide is used, also known as 
a DNA probe. 


Colonies of cells are grown on a nutrient medium 
(Fig. 3.48) and marked (usually using numbers clock- 
wise on the lid of the Petri dish). A mirror image of the 
culture is fixed to a nitrocellulose filter, and the cell 
membranes are disrupted by a detergent such as Tween 
to release the cell contents. The bacterial DNA binds 
firmly to the nitrocellulose. Sodium hydroxide solu- 
tion is added and it destroys the hydrogen bonds that 
hold the bacterial double helix together. The denatured 
DNA separates into two single strands that continue to 
bind to nitrocellulose. 


Now the DNA probe: a single-stranded oligonucle- 
otide made up of about 20 nucleotides, is added. 
Such a probe can be manufactured in a DNA synthe- 
sizer (see Box 3.9) if the structure (sequence) of the 
wanted gene is known. The probe is then marked ei- 
ther by radioactive or—more recently—fluorescent 
molecules. After hybridization, labeled probes that 
have not bound are washed out. Only the wanted 
DNA sequences have formed hybrids with the DNA 
probes. 


When an X-ray film is laid over the nitrocellulose filter, 
it is blackened at the sites of the hybridized probes (au- 
toradiography). Where fluorescent molecules are used, 
light of a specific wavelength is used to excite them so 
they shine. Once the site of the hybridization has been 
found, the relevant colony on the agar plate can 
easily be identified. 
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Fig. 3.44 The first synthesis of a human peptide, the hormone somatostatin, using genetically 
engineered bacteria. 
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Box 3.5 The Expert’s View: 
Epigenetics— Surprisingly 
Complex Interaction of Genomes 
and Their Environments 


The development of organisms is not a 
mechanistic process happening in isolation, 
where all developmental steps from a 
fertilized egg to an adult organism are hard- 
wired into a genetic program. 


Environmental input signals have a natural 
and necessary part to play in this—an insight 
that goes back at least 100 years. So, what 

is all the excitement about sensational new 
research results? 


In recent years, it has been shown that 

the underlying mechanisms by which the 
environment affects evolution are far more 
complex than previously thought. They 
involve an incredibly sophisticated and 
sensitive multilayer regulatory system. 
It not only controls differentiation into many 
highly specialized cell types, but also enables 
organisms to take changes in the quality of 
food, the duration of winter, and motherly 
nurturing behavior in their evolutionary 
stride. These variations are stored in a kind of 
cell memory and they can be called upon to 
allow for flexible and reversible adaptations. 


Developmental biologist Scott Gilbert 
comments: “This isn’t the view of life usually 
presented in today’s textbooks or popular 
presentations of biology.” We are even less 
likely to find what I am about to outline. 
Some of the individuals’ experiences are 
recorded as a set of biochemical annotations 
to their DNA and passed on to later 
generations. Epigenetics has been defined as 
“the study of mitotically and/or meiotically 
heritable changes in gene function that 
cannot be explained by changes in DNA 
sequence.” Since this definition was stated, 
a whole host of mechanisms have been 
discovered that bring about those changes 

in the genetic functioning of cells. Two of 
the most important discoveries are related to 
the fact that DNA is never found as a naked 
helical thread in the nucleus. 


Methyl groups (СНз) can attach to certain 
short sequences (in particular to the base 
cytosine), thus modifying the activity of 

the relevant gene, sometimes silencing it 
altogether. Like several other molecules, 
they can bind to nucleosomes, which are 
the millions of histone complexes found 
in nuclei and around which the DNA helix 
is wound like wire around the core of a 
spool. In this way, they influence the ability 
of the DNA nucleosome thread to form 
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more complex structures (heterochromatin), 
thus regulating the availability of genetic 
information. This offers so many ways of 
regulating genetic information that it has been 
referred to as the histone code. 


DNA methylation is the best-researched 
epigenetic mechanism. It is found very 
early in evolutionary history, in bacteria, 
presumably as a defense against foreign, 
mostly viral DNA. 


This protective function still characterizes 
DNA methylation. In more highly developed 
organisms, it targets remainders of viral 
attacks in the distant past—parasitic and 
mobile DNA sequences, which make up 
about half the human genome. 


Methyl groups eliminate such sequences by 
inactivating them. The largest epigenetic 
arsenal is found in mammals and flowering 
plants, where it is much more versatile than 
just giving protection from foreign DNA. 
During cell differentiation, these mechanisms 
help to program the organism's own genome. 
Genes that are not required are silenced 
epigenetically or their activity is modulated. 
These regulatory processes can also be 
influenced by the environment. 


For instance, many plants must go through 
a cold spell in winter in order to be able to 
blossom in spring. A protein called FLC, short 
or FLOWERING LOCUS C, holds the key to 
hese events. It is a transcription factor that 
suppresses the formation of flowers in young 
plants. Any cold spell experienced is recorded 
in the histones of the nucleosomes in the 
chromatin region of the FLC gene. This leads 
о the epigenetic silencing of FLC, which will 
ast over many cell divisions. 


In extremely simplified terms, it could be 
said that the entire cell apparatus required 
for the formation of flowers is put on hold, 
in expectation of longer days full of light 
that will reverse the methylation blockage. 
However, there is more to the epigenetic 
record in the FLC gene: the longer the 
wintery cold spell lasts, the lower the mRNA 
levels of FLC will fall and the more rapidly 
will flowers develop once the days become 
warmer. In other words, the epigenetic 
markers contain not just a simple yes-no 
message, but also quantitative information 
about the duration of the cold spell. 


Only recently, it has been found out how 
identical eggs of the honeybee can 
produce either a highly fertile queen that will 
live several years or a sterile worker with a 
life expectation of a few weeks. 


It had been known for a long time that all bee 
larvae are first fed with royal jelly secreted 

by nurse bees. Future queen bees remain on 
this diet throughout the larval stage, whereas 
Worker bees are switched to honey and pollen. 
Australian and German researchers have 

now shown that this dietary change triggers 

a cascade of epigenetic activities. "Over 

550 genes showed significant methylation 
differences between the queen and the 
worker,” wrote Frank Lyko and colleagues 

at the German Cancer Research Centre in 
Heidelberg. ^We find a strong correlation 
between methylation patterns and splicing 
sites including those that have the potential to 
generate alternative exons... Thus, rather than 
switching the genes on and off by promoter 
methylation, the intragenic methylation in Apis 
operates as a modulator of gene activities." 


The end result is a phenotype with changes in 
anatomy, behavior, and life expectancy. 


Tafel 49. — 


Echtes Schneeglóckchen, Galanthus nivalis, 


Snowdrop (Galanthus nivalis). 


Epigenetics in identical twins 


Although epigenetic research in humans 

is only just beginning, we can assume that 
environmental input will be extremely 
significant in the highly adaptive species 
Homo sapiens. 


Twin research has provided intriguing 
results. By comparing genetically identical 
twins with nonidentical twins, who are 
genetically just siblings, significant genetic 
components for all major human diseases 
were identified. In schizophrenia, the genetic 
influence is 80%. However, in only half of all 
genetically affected twin pairs will both twins 
suffer from schizophrenia. In Alzheimer's 
disease, alcoholism, and autism, the figures 
are only slightly higher. This could be 
explained by epigenetics. 


In 2005, an international team of researchers 
led by the Spanish oncologist Manel Esteller 
published the results of a widely read study 
on nonidentical twins—the largest group of 
such twins ever studied in molecular biology. 


The researchers found some remarkable 
epigenetic differences, which increase with 
age. While 3-yearold twins hardly show any 
epigenetic differences, those in 50-year olds 
tend to be considerable, in absolute figures as 
well as in the distribution of epigenetic tabs in 
their genome. 


In a nutshell—life leaves individual epigenetic 
traces. Older identical twins are genetically 
identical, but epigenetically different. How 
great these differences can become depends 
very much on the differences in lifestyle and 
circumstances. 


Not all these differences, however, are 

the result of environmental impact. With 
increasing age, accidental “program glitches’ 
seem to accumulate over time. 


, 


Canadian researchers demonstrated that 
sexual abuse of children results in epigenetic 
changes to hormone receptors in the brain, 
while in Constance, Germany, it was found 
that similar changes occurred in children 
whose mothers were exposed to violence 
during pregnancy. 


Epigenetic effects are associated with many 
major diseases, including cancer. The first 
tests to detect certain epigenetic cancer 
signatures in the blood are now on the 
market. 


Whether such epigenetic changes brought 
about by the environment will be passed 
on to future generations is a hotly debated 
topic. 


Throughout all kingdoms of life, many 
examples of epigenetic inheritance have been 
documented, but what remains unclear so 
far is what exactly is passed on and whether 
the recorded cases are exceptions or if there 
is more to it. Israeli scientist Eva Jablonka 
thinks that this could reach Lamarckian 
dimensions. This seems to be a likely 
scenario for the plant kingdom at least. 


French researchers around Vincent Colot 
have successfully grown 500 lines of mouse 
ear cress, Arabidopsis thaliana, that are 
genetically almost identical, but differ in 
their DNA methylation patterns. They have 
a variation range similar to wild-type plants 
and they have passed on their epigenetic 
differences over many generations. 
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From a genetic perspective, 
nonidentical twins or triplets are 

just siblings born at the same time, 
whereas identical twins are genetically 
identical, but their epigenetics will 
become more and more different, the 
older they grow. 


Bottom: My colleague Prof. Jian Zhen 
Yu worked a miracle in the lucky year of 
the dragon—she gave birth to triplets! 
For what it’ s worth, | can tell these 
three little bunches of joy apart only 

by looking at their moles—one on the 
right, one in the middle, and one on 
the left! 


Bernhard Kegel studied chemistry and 
biology and he lives now as a freelance 
writer in Berlin and Brandenburg. 
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Epigenetik— Wie Erfahrungen vererbt 
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2014) 


Die Herrscher der Welt (The Rulers of the 
World), Cologne 2015. 
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Fig. 3.45 27-Year-old Robert 
Swanson (1947-1999) met 
Herbert Boyer in 1975. 

Together, they founded the firm 
Genentech: “All the academics 

I called said commercial 
application of gene splicing was 
10 years away. Herb didn’ t.” 


Fig. 3.46 The first genetic 
engineering firm was not 
Genentech, as is often 
assumed, but the Cetus 
Corporation, founded in 
Berkeley in 1972 by physician 
Peter Farley, biochemist Ronald 
Cape, and Nobel Prize winner 
Donald Glaser. MIT professor 
Arnold Demain (top left, then 
and bottom, in his later years), 
Joshua Lederberg, and Stanley 
Cohen of Stanford University 
were consultants. 


Fig. 3.47 Human somatostatin. 
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This method is suitable for identifying genetically 
modified cells as well as detecting natural bacte- 
rial pathogens for diagnostic purposes, e.g., chol- 
era pathogens (see Chapter 6). The latter, however, 
is only possible if part of the DNA sequence of the 
pathogen is known. 


B 3.18 A Slight Diversion: Somatostatin — 
The First Human Protein Obtained From 
Bacteria 


The next step was to produce the first human protein, 
somatostatin, in bacterial cells (Figs. 3.44 and 3.47). In 
the process, crucial techniques for the later production 
of insulin were learned. 


Somatostatin is made up of only 14 amino acids and it is 
one of several hormones produced in the hypothalamus, 
a region in the diencephalon. The bloodstream carries it 
to the pituitary gland where it is responsible for trigger- 
ing the release of insulin and slowing down the release 
of the human growth hormone. 


This makes somatostatin a potentially valuable com- 
pound in medical treatment, which is why (in 1977) 
Herbert Boyer and his collaborators at the City of 
Hope National Medical Center and the University of 
California chose it for their research. Until then, it had 
not been possible to isolate the somatostatin gene from 
human cells, but its base sequence could be derived 
through the knowledge of the genetic code for the 
known sequence of the 14 amino acids that made 
up the peptide. 


Thus, an artificial gene was built from groups con- 
sisting of three bases each (Fig. 3.44). The gene con- 
tained 52 base pairs, 14x 3-42 of which carried 
the encoded structure of somatostatin. The remain- 
ing ten base pairs were supposed to ensure the ex- 
pression of the gene in the ribosome (realization 
of the structural plan), facilitate the isolation of the 
hormone, and provide the sticky ends required to 
insert the double-stranded DNA fragment into a plas- 
mid vector. 


E. coli was chosen as the host organism. In order to 
facilitate the transfer, the synthetic gene was combined 
with a plasmid named pBR322 (see Box 3.4) and a 
section of the lac operon of Ё. coli (more about this in 
Chapter 4). 


For an effective expression of a cloned gene, clear sig- 
nals that the host cell can understand are required. 
These are called promoters and are often derived from 
a gene that is expressed at a high level in the host. The 


simplest way to harness them is by docking the cloned 
DNA onto the DNA of a cell gene and hitching a lift on 
its very efficient promoters. The somatostatin gene was 
inserted at the end of the bacterial gene that codes for 
the enzyme f-galactosidase. 


p-Galactosidase is an enzyme that degrades lactose and 
found in large quantities іп E. coli It is an inducible 
enzyme (see Chapter 4). 


Once the plasmid has been successfully transferred into 
an Е, coli cell, somatostatin is formed as part of the fu- 
sion protein somatostatin-f-galactosidase. It is no 
more than a short peptide (14 amino acids) tail attached 
to the f-galactosidase enzyme. 


By adding (toxic!) cyanogen bromide (CNBr), a chem- 
ical compound that only cleaves proteins at sites carry- 
ing the amino acid methionine, somatostatin is then 
separated from B-galactosidase. 


Since the gene had been produced synthetically, it was 
easy to insert the required methionine at the beginning 
of the somatostatin molecule—just a case of inserting 
the codon ATG for methionine. This was necessary be- 
cause if somatostatin had entered the bacterial cell on 
its own, it would have been rapidly degraded by bac- 
terial proteases. If, however, it enters under the cover 
of the familiar galactosidase molecule, the proteases do 
not “notice” the somatostatin tail and will not attack it. 
In other—more scientific—terms: by being expressed as 
a fusion protein containing the cell’s own protein, the 
foreign somatostatin part is protected from degradation 
by bacterial proteases. 


The somatostatin synthetically produced in E. coli 
turned out to be identical with natural human 
somatostatin. Each cell produced 10,000 somatosta- 
tin molecules. This remarkable yield encouraged re- 
searchers to try and obtain other peptides in a similar 
fashion. 


After all, it had taken Roger Guillemin |р. 1924, 
awarded the Nobel Prize in 1977 together with 
Andrew V. Schally (b. 1926) and Rosalyn Yalow 
(1921-2011), Fig. 3.41], the discoverer of animal soma- 
tostatin, 500,000 hypothalami to obtain about 5mg of 
pure animal somatostatin. 


As little as 8 L of engineered Ё. coli suspension yielded 
the same amount of human somatostatin. 


B 3.19 How Enzymes Turn Porcine Insulin 
Into Human Insulin 


The insulin that had heretofore been used in diabetes 
treatment had been extracted from the pancreas of cattle 
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and pigs. The amino acid sequence was not completely 
identical with human insulin and therefore would cause 
allergies. 


Nitrocellulose filter 


Insulin from pigs (porcine insulin) has one differ- 
ent amino acid, bovine insulin (derived from cows) has 
three. 


Two years after its discovery, porcine insulin was in- 
troduced into diabetes treatment. Although it brought 
the major symptoms of the disease under control, it 
had unpleasant side effects. Some diabetic patients had 
allergic reactions because their immune system rec- 
ognized the animal hormones as foreign proteins and 
developed antibodies. 


If it was possible to turn porcine insulin into human 
insulin using enzymes, this problem could be dealt 
With. Researchers at what was then Hoechst AG found 
an elegant solution in the early 1980s. The C-terminal 
amino acid (alanine) of porcine insulin would be enzy- 
matically exchanged for threonine. 


Trypsin (Fig. 3.50), a hydrolase usually acting as a uni- 
versal protein shredder in the stomach (see Chapter 2), 
has an amazing ability of specifically hydrolyzing pro- 
teins and peptides next to the amino acids lysine and 
arginine. In porcine insulin, alanine happens to be pre- 
ceded by lysine at the end of the B-chain—what could 


Detergent dissolves 
be better? 


bacterial cell 


It was thus possible to cleave off the terminal alanine 
(Fig. 3.49). The procedure looks quite “normal” to be- 
gin with—porcine insulin is treated with trypsin while a NaOH treatment 

threonine ester (threonine tertiary butyl ester) is added 

at the same time. The reaction takes place in 5576 or- 

ganic solvent. ү Single-stranded DNA 


The reverse reaction of the enzyme trypsin is truly mu сша „1° 


astonishing: proteases are not only able to cleave pep- 


tides with the help of water, but they can also reconsti- 
tute peptides (and amino acid esters) in an anhydrous 
environment. Же. су. \ Хз XK ; 
it МАМ VoM » A DNA-probes with 
PM NY ND radioactive 
i ; idati i Y or fluorescent labels 
In this reaction, called transpeptidation, the threonine p ET y Ny XK wT ась: 0110ОТЕЗСепЦЈађеа 


ester is attached to the molecule to replace the porcine 


alanine. АП that needs to be done now is to add water in V2 x 

order to hydrolyze the ester and cleave off butanol—and d m 

the result is active human insulin, produced through en- 

zyme catalysis. | Washing out 


of unbound probes 


This elegant method takes about Óh. It still requires, 


however huge amounts of porcine insulin as raw , A RW y MY X 
material. I 

As mentioned before, Hoechst used to process nearly Hybridization 

a dozen tons of porcine pancreases per day from over Detection 
100,000 slaughtered animals. Fig. 3.48 Detection of bacteria using DNA probes and DNA hybridization. 
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Box 3.6 Biotech History: 
Inventing Recombinant DNA 
Technology and Its First 
Company, Genentech 


Writer Sally Smith Hughes describes in her 
fascinating book, Genentech: The Beginnings 
of Biotech, the start of the Genentech 
company. 


"[ looked at the first gels [in the first 
recombinant DNA cloning experimssent], 
and I can remember tears coming into 
my eyes, it was so nice. І mean, there it 
was. You could visualize your results in 
physical terms, and after that we knew 
we could do a lot of things." 


Herbert W. Boyer, pioneer of genetic 
engineering, March 28, 1994. 


Modern biotechnology originated in 1973 
with the invention of recombinant DNA 
technology, a now-universal form of genetic 
engineering. It entails recombining (joining) 
pieces of DNA in a test tube, cloning 
(creating identical copies of DNA) in a 
bacterium or other organism, and expressing 
the DNA code as a protein or RNA molecule. 
It soon vastly extended the power and scope 
of molecular biology, penetrated several 
industrial sectors, and became a cornerstone 
of a new industry of biotechnology. 


Yet, technological power and potential 
cannot alone explain its first commercial 
application—at the biotechnology company 
Genentech in the mid-1970s. 


Turbulent times in California... 
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The Pioneers 


Stanley Cohen and Herbert Boyer, the two 
inventors, had designed the technique for 
basic science research. But, they immediately 
foresaw its practical applications in making 
plentiful quantities of insulin, growth 
hormone, and other useful substances in 
bacteria. 


Despite their common starting point, 
Cohen and Boyer chose different 
avenues for industrializing recombinant 
DNA technology. 


Why they did so was a matter of personality 
and professional commitments. It was 

also a matter of the national environment 
in the United States of the 1970s—a 
pivotal decade of raging debate in science 
politics, major dilemmas and decisions in 
constitutional and patent law, and cultural, 
attitudinal, and personal challenges as 
commercial interests first entered molecular 
biology in full force. 


Venture capitalist Robert Swanson and biochemist 
Dr. Herbert Boyer each put in $500 to start 
Genentech in 1976 (Fig. 3.45). 


Herbert Wayne Boyer was born in 1936 
into a blue-collar family and grew up in the 
little town of Derry, 30 miles from Pittsburgh 
in the coal-mining country of western 
Pennsylvania. 


Stanley Norman Cohen is also the first 
child and only son of parents whose formal 
education ended with high school. No adult 
had to build discipline in young Stan. “I 
suppose," he recalled, "that overall, I wasn't 
much of a wayward kid, so there really wasn't 
a lot of need for discipline." 


He and his father, a frustrated inventor, 
Spent off-hours in the basement doing small 
wiring and mechanical projects. Cohen 
credits his father with sparking his interest 
in how things work—sparking his interest 
jn science. 


From the start he was motivated to 
achieve, and achieve he consistently did. In 
high school, he was the editor of the school 
paper and associate editor of the yearbook. 
By then, his scientific interests centered on 
biology, which to Stan meant becoming a 
physician. He now had a goal that would 
move him beyond the narrow scope of his 
upbringing. Yet, he would remain stamped 
with the work ethic, professional ambition, 
and respect for knowledge of his Jewish 
heritage. 


Boyer and Cohen, with only slightly more 
than a year between them, came of age in the 
early 1950s. Both were financially strapped; 
both could expect no financial assistance from 
their families; both chose colleges close to 
home. 


More than five decades later, Boyer recalled 
the shift with the clarity of a formative 
moment: 


We had a brand new, shiny, cell physiology 
textbook with a blue and white cover. Each 
of us was assigned a chapter, and we had to 
give a seminar on it. Which one did I get? 
“The Structure of DNA.” This was 1957, 
and the buzz of DNA was just getting into 
the textbooks.... I was really taken with the 
Watson-Crick structure of DNA and this 
started my fascination with the heuristic 
value of the structure. 


A sign of his new infatuation was 
Boyer’s Siamese cats, Watson and 
Crick: 


University and lab years 


Watson and Crick's discovery of 1953 had 
launched an avalanche of work on major 
questions—prime among them, the nature 

of the genetic code and the mechanism of 
protein synthesis. Much of this research 
transpired in bacteria, employed by 
experimentalists for their relative simplicity as 
compared to the animal kingdom. 


"Boyer," a future colleague commented, 
"consistently tried big things without 
knowing whether they could or should 
Work." 


He managed to squeeze out enough data 

to complete a dissertation. His attraction to 
challenging problems would become a mark 
of his professional career. Boyer was setting 
an enduring pattern. Below the casual surface 
lay ambition and tenacity. 


In 1963, Herbert Boyer earned a doctoral 
degree in bacteriology. 


Stanley Cohen chose Rutgers University, a 
few short miles from Perth Amboy. Rutgers 
offered the most scholarship support and 
was close to his ailing father. Studious as 
ever, Cohen worked hard but carried to 
extremes his resolve to make a life beyond 
academics. He joined the university debating 
team, took up the guitar, and tried his hand 
at writing pop songs, one of which reached 
the hit parade. This flurry of extracurricular 
activities, predictive in its intensity, failed to 
dent his academic performance. 


In 1956, he graduated magna cum laude 
from Rutgers. That fall, Cohen entered 
medical school at the University of 
Pennsylvania. 


Herbert Boyer as a student. 


In 1960, Cohen graduated from Penn with 

a degree in medicine. Within a whirlwind 
5-year period, swinging from the East Coast 
to the South, Cohen completed an internship, 
a 2-year research position at the National 
Institutes of Health (NIH), and a residency in 
medicine. 


Herb Boyer's career took a less peripatetic 
course. He went straight from Pittsburgh 

o Yale as a postdoctoral fellow in 
microbiology. There, he joined a lab focused 
on genetic exchange and recombination 

in bacteria. He became fascinated with 

he restriction enzymes of bacteria. The 
word just emerging in the 1960s was that 
certain types of restriction enzymes sever 
DNA at unique sequences in the molecule. 
Perhaps, Boyer and others recognized, one 
could use these strange enzymes to clip 
DNA into well-defined fragments and 
map its structure. He suspected early on 
that restriction enzymes were going to be 
"very helpful enzymes" for the precision 
cutting, recombination, and characterization 
of DNA. His suspicion was prophetic: 

his career-long passion would become 
restriction enzyme research and genetic 
manipulation. 


Stanley Cohen (right) at Stanford University. 


“Well, what good is it?” 


Boyer now lived and breathed his science. 
After a night on the town, he would return 
to the lab or rise in the dark to observe an 
experiment. But, the folks at home were 
stymied. “What are you doing?" his father 
would ask. "Restriction endonuclease 
modification," he would glibly answer, using 
the technical term for his research area. 


He would then pause for his father's 
inevitable retort, “Well, what good is it? What 
are you going to do with that?" Boyer would 
respond, “I don't know—cure the common 
cold." 
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His answer was dismissive, but his father’s 
question prompted him to ponder the 
practical utility of his research. 


Cohen, meanwhile, had begun a postdoctoral 


research fellowship (1965 


-1967) in 


molecular biology at Albert Einstein College 


of Medicine in New York. 


It was here he 


stopped wavering between a career in 


medicine or science. 


The company after success. 


He took up research on 


plasmids, tiny 


rings of DNA in the cytoplasm of bacterial 
cells that reproduce outside the main 
chromosome. Plasmids typically carry 
antibiotic resistance genes that can pass 
from one bacterium to another, spreading the 


resistance problem. 


The study of plasmids was at the 
time a quiet backwater and to Cohen 


consequently appealing. 


Scientists 


interested in genetic exchange and gene 
regulation mainly studied viruses, which 


had been a central focus 


of molecular 


studies from the 1930s on. Cohen reasoned 
that his heavy clinical responsibilities 
would make successful competition with 
"hotshot" molecular biology labs difficult, if 


not impossible. 


Plasmid research seemed a perfect fit: 


he knew the necessary molecular and 
biochemical techniques, and the growing 
medical problem of antibiotic resistance was 
an appropriate topic for a physician. He was 


correct in every regard ех 


cept for expecting 


the field to remain tranquil. It was about to 


explode, and Cohen wou 
epicenter. 


By 1968, Cohen was inte 


d find himself at its 


nt on finding a 


faculty position. One of his mentors had 
collegial associations with several members 


of the biochemistry depar 


ment at Stanford 


University. The connectio: 
but not in biochemistry. 


ns led to a job offer, 


Recognizing Cohen as one of a new breed 


of physician-scientists the 


School sought to 


attract, the Department of Medicine offered 
Cohen an assistant professorship in its 


Division of Hematology. 
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Cohen, drawn by the California climate and 
lifestyle, accepted and in 1968 moved with 
his wife to the sun-swept campus in 

Palo Alto. 


No one shared his fascination with 
molecular genetics 


He was disheartened to find that no one in 
the department shared his fascination 
with molecular genetics. He turned for 
advice to Arthur Kornberg, the powerful 
chairman of Stanford’s biochemistry 
department. By virtue of his Nobel Prize, 
academic position, and forceful personality, 
Kornberg was a figure to reckon with. Not 
one to mince words, he told Cohen that 
plasmid research was an uninteresting line of 
investigation. The irony of the remark would 
soon become apparent. “So this wasn’t a very 
comforting introduction to Stanford,” Cohen 
ecalled. 


His understatement skated over what must 
have been an unsettling blow: he had come 
o Stanford considering that shared scientific 
interests and collegial ties might lead to 

a joint appointment in the Department 

of Biochemistry. Instead, Kornberg made 

it clear that Cohen’s association with the 
department was, at best, to be informal. 
Kornberg almost never granted joint 
appointments and he also believed that 
only a rare individual could optimally 
perform both clinical medicine and 
basic research. Despite the tepid welcome 
and even after his own lab was operating, 
Cohen, according to biochemist Paul 
Berg, “hung around in [the Department 

of Biochemistry] most of the time.” Berg 
exaggerated, but Cohen indeed thrived on 
the department’s stimulating intellectual 
exchange and he had access to its electron 
microscope and other equipment lacking in 
his home department. 


He regularly attended biochemistry 
seminars and benefited from the chance 
“to bounce ideas off people in that 
department.” 


He particularly profited from discussing 
ongoing departmental research on 

DNA ligation (joining) and DNA 
uptake by animal cells. In turn, he 
shared with biochemistry colleagues 

his work on plasmid isolation and 
characterization. But, the research Cohen 
published in the early 1970s was not 

done in collaboration with the Stanford 
biochemistry faculty. 
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Cohen was using plasmids to 

transport genes and DNA fragments into 
bacteria; Berg's group and others in the 
Stanford biochemistry faculty were 

using viruses as transport vehicles. The 
department was at the forefront of techniques 
for joining DNA molecules from different 
Sources. 


In 1972, Berg and his lab succeeded in 
making the first recombinant DNA 
molecules in a test tube. However, no 
member of the Stanford biochemistry faculty 
or anyone elsewhere created a method for 
cloning DNA. 


The various biochemical approaches Berg and 
the others developed for recombining DNA 
were technically complicated and required 

a battery of enzymes and skills “probably 
beyond the ability of most labs," as Berg 
himself admitted. 


The dire need for a simple and efficient 
method for joining and replicating genetic 
material continued to go unanswered. 


Boyer was also looking for a faculty 
appointment as his postdoctoral years wound 
down. Hearing of an open position in the 
microbiology department at the University of 
California, San Francisco, he applied, lured 
less by the medical school's reputation— 
mediocre—than by the charms of the 
Golden State. He loved cowboy and Indian 
movies and he had always wanted to visit 
California. 


Boyer accepted an appointment as an 
assistant professor at an annual salary of 
$12,500, and in 1966 moved with his family 
to join the basic science faculty. Denied 
the promised lab space in one of the new 
research towers, he settled, much annoyed, 
into cramped laboratories in a department 
chaired by an old-school microbiologist 
with no interest in molecular genetics. 
Boyer found diversion in the rich protest 
and counterculture movements of the Bay 
Area in the 1960s, later telling a reporter 
that he had participated in nearly every 
antiwar rally in the vicinity. Like many of 
his colleagues, he was captivated by the 
growing technical power of the new 
genetics to manipulate the stuff of life. 
But, he was also troubled by its social and 
ethical implications. 


How far should scientists go in their ability to 
"tamper with life"? In one of many occasions, 


he and others at a molecular biology meeting 
Spent an entire evening discussing how 
genetic engineering might affect society 
for good and ill. 


It was not the last time Boyer would 
participate in gatherings on social 
accountability in science, although, as 
the tables turned, he would find himself 
protesting governmental efforts to restrain 
science. His social activism served as a 
diversion at a time when his research, 
despite long, laborious hours, was only 
marginally productive. He spent 4 years 
studying a restriction enzyme that he 
eventually concluded cut the DNA 
molecule in an unhelpfully random 
fashion. 


To find one that made a unique and 
predictable break... 


Discouraged by his lack of research progress 
and feeling like a fish out of water in his 
department, he thought of searching for a 
position elsewhere. Then, circumstances 
began to improve. UCSF administrators, 
determined for more than a decade to turn 
a second-tier medical school into a premier 
research institution, had by the late 1960s 
decided that the Department of Biochemistry 
should lead the way. An individual widely 
credited with facilitating the revitalization 
arrived in 1968 in the driving and dapper 
person of William J. Rutter (b. 1928). The 
tirelessly resolute biochemist, a strategic 
thinker if there ever was one, appeared 
under the ambitious banner of building a 
biochemistry department that would apply 
breaking knowledge in molecular biology 
and biochemistry to research on the complex 
genetic mechanisms of higher organisms. 

It was a deliberate departure (in which he 
was not alone) from molecular biology's 
traditional focus on bacteria and viruses and 
an agenda requiring the latest techniques to 
decipher the complicated genomes of higher 
organisms. 


Rutter's multidisciplinary research strategy 
and the cooperative interdepartmental 
culture he sought to foster were highly 
compatible with Boyer's research interests 
and collaborative scientific style. 


After the arrival of biochemist Howard 
Goodman in 1970, one of Rutter's early 
recruits, Boyer spent even more time in the 
biochemistry department, working closely 
with Goodman on restriction-enzyme 
problems. It became a second academic 
home—for seminars, chitchat, and the 


collegiality and conviviality he thrived on. 
The biochemistry department, Boyer recalled, 
"got to be a very exciting place in the early 
seventies for me." 


Like Cohen, he had found an environment far 
more compatible with his research interests 
than his own department. 


Cohen, meanwhile, juggled a staggering 
workload in three different areas. He had 
demanding clinical and basic research 
obligations and he was also collaborating 
and publishing on a computer-based system 
for identifying drug interactions. Yet, 
somehow his productivity only increased. 

In 1970-1972, he published 13 papers, 
including nine on plasmids. By mid-1972, 
he and two assistants had developed a 
system for removing plasmid DNA from 
bacterial cells, shearing it into pieces ina 
blender, and inserting single molecules of 
plasmid DNA into bacteria to study plasmid 
structure and antibiotic resistance. But, the 
procedure was slow and inefficient. The 
shearing process broke the plasmid DNA into 
a welter of random-length fragments, making 
selection and study difficult, and only on 
rare occasion did the plasmid DNA enter the 
bacterial cells. 


Cohen pondered these deficiencies of 
his plasmid transfer system as he began 
to organize a conference on plasmid 
research scheduled for November 
1972 in Honolulu. 


Unknown to Cohen at the time, the 

Boyer lab that year had made a related 
discovery: A graduate student had isolated 

a restriction enzyme (the soon to be widely 
employed EcoRI) that cut DNA predictably 
at a specific position in the molecule—exactly 
the characteristics that Boyer had long 


sought. 
Sticky ends! 


Especially exciting was the finding—by 
scientists in Stanford’s biochemistry and 
genetics departments, to whom Boyer 

had donated the enzyme in generous 
quantities—that EcoRI did not cut evenly 
through the double strands of the DNA 
molecule. Instead, it made a staggered 

cut, creating two single projecting DNA 
strands. Each single strand was able to 
bond with a complementary DNA strand, 

as one Velcro strip unites with another. The 
Goodman and Boyer labs confirmed the 
Stanford finding by sequencing the DNA 
site cut by EcoRI and determining the order 


of the nucleotide subunits composing the 
restriction site. 


The idea of using cohesive or “sticky 
ends,” as they were called, to join DNA 
fragments had been around for a decade 

or so. 


In fact, several groups in the Stanford 
biochemistry faculty were chemically 
synthesizing artificial sticky ends, attaching 
them to DNA fragments, and using the sticky 
ends to splice one fragment to another. The 
procedures were long and tedious. Boyer's 
enzyme with its natural ability to create 
sticky ends in just one step offered 

a substantial leap in ease and efficiency 

in splicing together DNA pieces to form 
recombinant molecules. 


Trying to capitalize on these features, Boyer 
and Robert Helling, a biochemist on 
sabbatical leave in Boyer's lab, were using the 
EcoRI enzyme in attempts to combine DNA 
fragments. It was the summer of 1972 and 
they were getting nowhere. 


THE COLLABORATION 


Cohen, meanwhile, was organizing the 
Honolulu plasmid conference and 
belatedly got word of Boyer's as-yet- 
unpublished work on the new restriction 
enzyme. 


Seeing its possible relevance to characterizing 
plasmid DNA, he issued Boyer, whom he had 
never met, a last-minute invitation to attend 
the conference. 


Boyer recognized a golden chance to talk 
about EcoRI and agreed to come. 


In November, Cohen and Boyer arrived in 
Honolulu for the conference, neither knowing 
the details of the other's research. As the time 
came for Boyer to present, Cohen listened 
raptly to his description of EcoRI's properties. 
His mind lit up when he heard that the 
enzyme cut DNA molecules predictably 

and reproducibly into unique fragments 

with sticky ends. In a flash of insight, he 
wondered: Could one use Boyer's enzyme 
to sever a plasmid precisely and use 

the sticky ends to attach a second DNA 
fragment? The hybrid plasmid might then 

be inserted into bacteria for cloning. The 
startling concept, if found to work, might 
solve the randomness and inefficiency of 

his plasmid transfer procedure! He urgently 
needed to talk with Boyer. The occasion arose 
after a long day of presentations in a stuffy 
conference hall. 
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Cohen and Boyer decided to take a stroll 
with some colleagues, eager to stretch their 
egs and take in the balmy air of a Hawaiian 
evening. The walk gave Cohen and Boyer a 
chance to talk about the ongoing experiments 
in their labs. 


na flash, it struck them that they might have 
between them the makings of a method for 
joining and cloning DNA molecules. Pausing 
at a delicatessen near the beach at Waikiki, 
the group settled into a booth and ordered 
sandwiches and beer. 


Cohen and Boyer grew increasingly “jazzed,” 
as Boyer later put it, about the potential 
synergism of their separate approaches 

for isolating and copying selected DNA 
fragments. 


But, would the ideas brainstormed over 

beer and deli sandwiches pan out in actual 
experiment? Cohen proposed a collaboration 
to find out. Boyer’s first impulse was to 
donate some of his enzyme, as he had done 
for the Stanford scientists, and let Cohen 
conduct the experiment on his own. Cohen 
recalled saying, “Well, that doesn’t seem 
quite fair. Your lab has spent a lot of time 
isolating the enzyme and we should do this as 
a collaboration." 


Also to the point, Cohen needed the Boyer 
lab's expertise in restriction enzymes for the 
experiment to transpire as conceived. Boyer 
agreed to collaborate. 


Hawaii Conference: the brainstorming. 


Shared interests and the need for combined 
expertise and resources brought together 
two very different personalities. In many 
Ways, they were polar opposites—in manner, 
demeanor, and approach to life. Boyer 

came across as gregarious, relaxed, and 
unassuming. Open to new ideas, he was 
willing to gamble on possibilities. Cohen 
struck others as private, circumspect, and 
exacting of himself and colleagues. Both men 
were inveterate workaholics and passionate 
about their science. But, their passion 
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manifested in contrasting manners. Boyer 

ran an expansively chaotic lab and preferred 
brainstorming over a beer. Cohen headed 

a small, self-contained lab group and often 
discussed research in the quiet of his office. 
Even in appearance, the contrast was striking. 
Boyer sported a mop of unruly brown hair, an 
open and cherubic face, a robust figure, and 
attire of jeans, running shoes, and leather vest 
that stretched the limits of casual. A reporter 
later described him as “а baroque angel in 
blue jeans." 
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Genentech stocks in 2005. 


Cohen was trim, bearded, balding, 

and bespectacled. He dressed casually 

but neatly in slacks and sweater or sport 
jacket. He was the quintessential image 

of the professor, solid citizen, and serious 
intellectual. In January 1973, Cohen and 
Boyer began the experiment outlined 
in Honolulu, working it into their ongoing 
projects and initially giving it no exceptional 
priority. 


The specific knowledge and technical 
expertise of each lab defined a natural 
division of labor: the Cohen laboratory 
handled the plasmid isolation and transfer 
work, Boyer’s the enzymology and 
electrophoresis studies. 


In a stroke of fortune, on his return from 
Honolulu, Boyer had visited colleagues, who 
had demonstrated their method for staining 
DNA fragments with a fluorescent dye 

that made the fragments stand out vividly 

on electrophoresis gels. He brought the 
technique back to Bob Helling, still pursuing 
sabbatical research in Boyer's lab, who did 
further work correlating fragment size and 
mobility on the gels. 


But, the ultimate outcome of the experiment 
was anything but clear. As Cohen later 
observed, “There are some people who think 
that once a method of biochemical joining 
DNA ends was worked out, it was obvious 
that the chimeric [recombinant] DNA could 
be cloned. That’s easy to say in retrospect, 
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but in actuality it was not the case— 
especially for DNA molecules that contain 
components derived from different biological 
species.” 


Uncertain of the experiment’s success, Cohen 
assigned it to his research assistant Annie 
Chang, rather than to one of his postdoctoral 
students whose career might suffer if the 
project failed. 


Chang, who lived in San Francisco, became 
the conduit between the two labs, ferrying 
plasmid samples back and forth in her 


Volkswagen Beetle. In remarkably short order, 


they had results. 


On a triumphal day in March, Boyer and 
Helling examined the electrophoresis gels 
displaying the various DNA fragments. There 
in plain sight was a telltale band composed 
of two types of plasmid DNA standing out in 
fluorescent orange. To their inestimable joy, 
they had not only recombined DNA—they 
had cloned it! 


Sally Smith Hughes (University of 
Chicago Press). 


The engineered plasmids with their ability to 
reproduce themselves in the bacterial cells 
had also faithfully cloned the foreign DNA 
inserted into them. 


The sight brought tears to Boyer’s eyes: here 
before him was evidence of a simple method 
for isolating and accurately copying specific 
genes and DNA fragments in virtually endless 
quantity. 


He recalled the emotional moment: “The 
[DNA] bands were lined up [on the gel] and 
you could just look at them and you knew 

.. [that DNA recombination and cloning] 
had been successful... I was just ecstatic... 
I remember going home and showing a 
photograph [of the gel] to my wife.... You 
know, I looked at that thing until early in the 
morning.... When I saw it ... I knew that you 
could do just about anything.... I was really 
moved by it. I had tears welling up in my eyes 
because it was sort of a cloudy vision of what 
was to come." 


For Cohen, "That moment was elation." The 
experiment had worked like a charm. 


Cohen and Boyer had invented a technique 
that outshone in simplicity and efficiency 
anything the Stanford biochemists or anyone 
else had devised for joining DNA fragments. 


But, the crowning accomplishment was the 
invention of a straightforward technique for 
cloning DNA, a technique so simple that high- 
School students would soon use it. 


Cited and abbreviated with permission from 
the book Genentech: The Beginnings of 
Biotech, by Sally Smith Hughes (University of 
Chicago Press, 2013). 


ш 3.20 Eureka! The First Genetically 
Engineered Insulin Is Produced 


In 1979, the first bacterial synthesis of human insu- 
lin was successfully accomplished. Yielding 100,000 
molecules per cell, bacterial insulin production was 
even more efficient than somatostatin production, 
and what is more, insulin has a much larger role to 
play in medicine. How was the synthesis brought 
about? 


As mentioned before, insulin consists of two peptide 
chains that comprise 21 and 30 amino acids, respectively. 


The necessary processing steps to turn it into active 
insulin, however, are not contained in the gene se- 
quence. First, the signal peptide and the C-peptide 
sequence must be removed, and the cysteines must be 
connected accurately to disulfide bridges— which 
can only be done by the Langerhans islets in the 
pancreas. 


E. coli cells or even eukaryotic yeasts do not have 
this ability (see Section 3.25). At least, for the proper 
functioning of insulin, it was not necessary to attach a 
sugar residue (glycosylation). Isolating insulin mRNA 
was not an option; so, the same approach as with so- 
matostatin was required. It took the researchers of the 
City of Hope National Medical Center 3 months of 
painstakingly synthesizing the genes for the two peptide 
chains. Due to 10 years of research by Frederick Sanger, 
the structure of insulin was known and it was possi- 
ble to engineer the appropriate gene sequences 
Figs. 3.52 and 3.54). 


Eighteen fragments, each consisting of several nucleo- 
tides, Were put together to form the longer chain, while 
the shorter one was made up of 11 fragments. In order 
to be on the safe side, the A-chain and the B-chain were 
synthesized in separate microbial cultures (Fig. 3.55). 
Thus, the insulin could not become active within the 
microbial cell. 


ш 3.21 Asilomar — How Dangerous Is 
Modern Gene Technology? 


Is gene technology something to be afraid of? The risks 
involved in gene technology were discussed by worried 
scientists such as Paul Berg (b. 1926, Fig. 3.51), David 
Baltimore (b. 1938), Maxine Singer (b. 1931), and 
Sydney Brenner (1927—2019), among many others at 
a conference in Asilomar in 1975. 


Would it be possible, e.g., to create antibiotic-resistant, 
carcinogenic, intestinal bacteria and thus cause a 
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Primary structure (sequence) of human insulin 


Trypsin 


Tertiary structure 
of insulin 


Fig. 3.49 Enzymatic conversion of porcine insulin to human insulin. 


cancer epidemic? What the scientists did not know, 
however, was that their own concerns were blown into 
huge horror stories about the dangers of genetic engi- 
neering by the media. 


What would happen if bacteria formed active insulin 
and, by some mistake, managed to enter the human gut 
and survive there? Well, they could cause a fatal insu- 
lin shock, which is why soon after the conference, the 
National Institutes of Health (NIH) issued strict gene 
technology guidelines. 


Debilitated Е. coli biosafety strains were created that 
are unable to survive outside a lab, and a biosafety 
level hierarchy (P1—P3) was introduced for labs to suit 
their various purposes. 


Although the artificial genes for the A- and B-chain of 
insulin may not have carried the exact same sequence 
as the natural gene sections (which were unknown), 
they coded for the correct polypeptides. Each of them 
was inserted into their respective plasmid vectors 
directly behind the f-galactosidase gene promoter 
and the f-galactosidase gene as had been done with 
somatostatin. 


Between the insulin chains and the f-galactosidase 
gene, a cutting site—a codon for the amino acid me- 
thionine (ATG)—was inserted so that once the A- and 
B-chains were expressed, they carried an additional 
methionine molecule at their N-terminus and could 
thus be separated from the f--galactosidase (Fig. 3.55). 
Great idea! 


After the transfer into two different Е. colistrains and 
the successful production of polypeptides, cyanogen 
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well as trypsin (center). 
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Box 3.7 The Expert’s View: 

Will It Be Possible in the Future to 
Tell a Person’s Age and Physical 
Appearance From Their DNA? 


Will it be possible in the future to tell from a 
person’s DNA what they look like and how 
old they are? 


Unless they are identical twins, any two 
individuals differ in their DNA. This is why 
over the past 20 years, DNA has been used 
in forensics, whether to identify criminals or 
historic finds. 


The first government database (NDNAD) 
was set up by the United Kingdom in April 
1995. NDNAD is the foremost and largest 
orensic DNA database of its kind in the 
world—containing the data of nearly 10% 
of the population, compared to 0.5% in the 
United States. 


The second one was set up in New Zealand. 
France set up the FNAEG in 1998. In the 
United States, the FBI has organized the 

CODIS database. Originally intended for sex 
offenders, they have since been extended to 
include almost any criminal offender. The 
German national DNA database was introduced 
in 1998. According to the German Federal 
Criminal Police Office BKA, DNA traces found 
at a crime scene could be attributed to an 
individual in 148,000 cases since the database 
was introduced. The genomic DNA sequence 
remains unchanged throughout life, but 
additional DNA modifications may still occur. 


The most frequent such modification is 
methylation, the attachment of an 
additional СНз group—usually at a cytosine 
(C) base. The human genome contains several 
hundred thousand such possible cytosine 
docking places within its genome. 


Modifications of DNA affect the expression 
(transcription and synthesis of proteins) of 
DNA in different tissue types, developmental 
stages, and environments. 


In this light, the latest results in epigenetic 
research (see also Box 3.5) make sense. 
How else could one explain that overeating 
by our ancestors 200 years ago has led to an 
increased incidence of diabetes today? The 
DNA sequence itself has remained stable. 
Recent results show that around 100 DNA 
modifications correlate with age. By 
analyzing these particular modifications, it is 
possible to estimate the age of an individual 
down to approximately 5 years. 


How does it work? 


Modern DNA testing is based on STRs (short 
tandem repeats). These are regions on 
the chromosome where bases are repeated 
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between 2 and 20 times, e.g., CACACACACA 
(see Chapter 10). An individual has about 
650,000 STRs that make him or her unique. 
Why that is so remains as yet unclear. 


GATGCACCAATGCTGATT ———>- 
Bisulfite DNA 
treatment sequencing 
GATGUAUUAATGCTGATT 
PCR DNA 
amplification sequencing 
GATGTAT TAATGCTGAT T———>- 


. —7 Left: Saliva 
contains DNA... 
watch where you 
spit! 


ЯЛІН 
NO SPITTING 


Top: How methylation in DNA is determined: 
DNA is treated with sodium bisulfite. 
Nonmethylated cytosine (green) is changed 
into uracil. During PCR, uracil is swapped 
for thymine (T). Methylated cytosine is not 
attacked by sodium bisulfite! 


Several STRs are used in order to establish 
the DNA profile of a person, and forensic 
standards exist for crime detection. 


In 1991, a famous example of identification 
through a DNA profile hit the headlines— 
STR analysis of Czar Nicholas II, Czarina 
Alexandra, and their four daughters, who 
were executed after the Russian revolution 
in 1918 (see p. 330). For comparison, DNA 
of surviving relatives, such as Prince Philip, 
Duke of Edinburgh, was analyzed. 


Another practical application of STR analysis 
can detect whether expensive tuna has 
been adulterated with cheaper fish—a 
hot topic in Asia and increasingly for EU 
control authorities. 


Can the height, skin color, eye color, 
and general appearance of an individual 
be determined on the basis of their DNA? A 
new procedure developed by a team led by 
Manfred Kayser at the Erasmus University 
in Rotterdam looks promising. 


The base pair guanine-cytosine in DNA. 
Cytosine is methylated and thus blocked. 


These methods reveal information on the color 
of eyes and hair as well as the approximate age 
of an unknown DNA donor. These tests can 
be used where comparison of a DNA profile 
with a database does not lead to a specific 
individual. The most progress has been made 
in determining eye color. Upon an extensive 
analysis of the genome, scientists identified 

six variations of individual base pairs that 

were directly related to eye color. DNA from 
no more than six cells is analyzed and the 
results combined with a statistical prediction 
model, so that blue or brown eye color can 
thus be predicted with over 90% accuracy. The 
method is known as the IrisPlex method. 


The prediction of hair color has also made 
headway. However, high accuracy has so 

far only been achieved for the rarer red hair 
variant. Nearly 9076 was achieved for black 
hair, whereas for blond and brown, accuracy 
was just over 80%. The analysis is based on 13 
DNA tags from 11 different loci in the genome. 


Eye witness reports could thus, one day, be 
backed up by a kind of genome-based E-fit 
image to select from a number of suspects. It will 
certainly be used for police work in the future. 


Although it is illegal in Germany to record 
systematically DNA-derived data on physical 
characteristics, this will not stop the police 
from commissioning DNA analysis in other 
countries in order to access new information. 


How is DNA methylation detected? 


By sequencing two samples of the same 
DNA. Adding sodium bisulfite to one sample 
will convert unmethylated cytosine into 
uracil. When amplified by PCR, uracil will be 
swapped for thymine, whereas methylated 
cytosine bases remain unchanged. АП 

that remains to do is to compare the two 
sequenced DNA samples. 


David P. Clark is professor emeritus at the 
Southern Illinois University. He is the author 
of excellent, very readable textbooks, on 
which the author's summary is based. 


Molecular Biology and Biotechnology, 2nd 
edition 2012 


Molecular Biology Made Simple and Fun, 

4th edition 2010, and Germs, Genes, & 
Civilization: How Epidemics Shaped Who We 
Are Today, 2010 
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Box 3.8 Insulin and Diabetes 


Insulin is one of the most important 
mammalian protein hormones. When 
Sanger identified its structure in 1953, 

he demonstrated for the first time that a 
protein is characterized by a precise 
amino acid sequence (primary structure) 
and insulin consists exclusively of -amino | 


acids interconnected through peptide 
A-chain 
B-chain d 


bonds between o-amino and a-carboxyl 
groups. 

Human insulin (top right) differs from porcine 

insulin by just one amino acid. In position 
30, humans carry threonine (Thr) instead of 
the porcine alanine (Ala). In the lower part of 
the diagram, the A- and B-chains of porcine 
insulin are shown in green and blue. They are 
connected via three disulfide bridges (one of 
them is shown here in brown). 


в" 
wj 


Fred Sanger (1918-2013) worked from 1943 

to 1953 to solve the structure of insulin, which 
earned him his first Nobel Prize. When working 
in his Cambridge University basement lab, he 
often noticed a crazy-looking pair of scientists 
engaged in lively, intense discussion. They 
would walk up and down and then get more 
and more worked up about something. They 
were Crick and Watson, and it was obvious that 
sooner or later, they would inspire Sanger to 
work on DNA. In fact, he managed to pick up 

a second Nobel Prize for his DNA sequencing 
method. Genius! 


Insulin is produced in the pancreas and 
released into the bloodstream after meals, 
when glucose levels rise. A signal is sent 
through the whole body, to liver, muscle, 

and adipose cells to take up glucose from the 
bloodstream to synthesize storage compounds 
such as glycogen, triglycerides, and protein. 
Insulin is a very small molecule. Small 
molecules pose a particular challenge to the 
cell, as it is difficult to produce a small protein 
that folds into a stable structure. The cell 
solves the problem by forming longer peptide 
chains, folding them correctly and then 
cutting out the superfluous section (in the 
case of insulin, the C-peptide) (see Fig. 3.38). 


blood pH changes dramatically, and cells are 
affected. 


Diabetes has become one of the major 
diseases in industrialized countries 


When insulin function is impaired (through a (see Chapter 10) and is turning into a 


diseased pancreas or old age or an unhealthy 
lifestyle), the glucose level in the bloodstream 
can reach dangerous levels, leading to 
dehydration as the body tries to wash out 
surplus glucose via the urinary tract. The 


worldwide epidemic. Type I diabetes or 
insulin-dependent diabetes mellitus (Lat. 
mellitus—sweetened with honey) is caused 
by the destruction of Langerhans islets in 
the pancreas through the immune system. 


The patient needs insulin to survive. Most 
diabetics have normal or even elevated blood 
insulin levels but do not respond well to the 
hormone (type II diabetes, see in more detail 
in Chapter 10). 


bromide was used to cleave off galactosidase from 
both peptides at the predetermined site. Fig. 3.53 
shows how insulin chains can be chromatograph- 
ically separated from a mix of various compounds 
using antiinsulin antibodies. The underlying princi- 
ple of the separation is the affinity of insulin to spe- 
cific insulin antibodies—hence the name affinity 
chromatography. 


The last chemical step is called oxidative sulfitolysis. 
Sulfite, oxygen, and a strongly basic pH lead to the oxi- 
dation of cysteines, which carry an SH group. They are 
now highly reactive, linking neighboring oxidized SH 
groups via a disulfide (-5-S-) bond to form active in- 
sulin (Box 3.10). 


However, the yield of active insulin is somewhat re- 
duced, as some of the A- and B-chains may not have 
been correctly linked and need to be separated. The 
disulfide bridges determine the spatial structure of in- 
sulin and thereby its activity. 


Correctly formed insulin must contain three disulfide 
bridges, one within the A-chain and two between the 
A- and B-chains. 


Recombinant insulin, produced as described here, be- 
gan to revolutionize the insulin market in 1982. 


The safety concerns that led to the separate produc- 
tion of A- and B-chains were indeed quite considerable. 
From its first application in 1984 to build a production 
plant for recombinant human insulin, it took Hoechst 
14 years to battle through bureaucracy and pub- 
lic hearings before the Hoechst Marion Roussel plant 
could be finally opened in Germany in 1998. 


B 3.22 Human Proinsulin Obtained From a 
Single E. coli Strain 


The next step ahead was the production of proinsulin 
in a single bacterial strain. 


The entire proinsulin gene (including the C-peptide, 
but without the sequence for the signal peptide) was 


Fig. 3.51 Paul Berg (b. 1926) 
became a professor at Stanford 
at the age of 33. He wrote 

the much-quoted Berg letter, 
pleading for a moratorium 

on risky DNA experiments. 

He organized the meeting 

in Asilomar in 1975, where 
guidelines regarding the work 
with DNA were initiated. He 
shared the Nobel Prize for 
Chemistry in 1980 with Walter 
Gilbert and Frederick Sanger. 
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Box 3.9 Test Tube Genes—DNA 
Synthesizers 


Nowadays, machines are available that 
automatically synthesize sequences of single- 
stranded DNA at a very fast rate. The whole 
process, including the exact base sequence, is 
controlled by microprocessors. 


Ae 
Ew | 


pil 


DNA synthesizer. 


In the synthesizer shown here, the desired 
DNA sequence is entered into the machine, 
and microprocessors ensure that nucleotides, 
reagents, and solvents are correctly pumped 
into the synthesizing column at every step of 
the process. The column contains silica gel 
granules, about the size of fine sand grains. 
These granules are used for bonding by the 
DNA chains. 


To synthesize a certain sequence, e.g., TACG, 
the first nucleotide (e.g., thymidylic acid) 
should already be attached to the column 
granules by its 3' terminus. Prompted by 
microprocessors, millions of molecules of the 
next nucleotide are pumped through the 
column. The 5' terminus of the A molecule is 
chemically masked to ensure the correct 
orientation when binding to T. The protecting 
group is then removed, and a new cycle begins. 


synthesized. Again, the first amino acid was 
preceded by an inserted methionine codon 
(АТС). 


Thus, only one single plasmid and one single E. 
colistrain were required to produce human pro- 
insulin. The proinsulin gene was controlled by a 
strong tryptophan synthase promoter. Lined up 
on the plasmid were: the tryptophan synthase 
promoter the tryptophan synthase gene, the 
ATG sequence (coding for methionine, as a cut- 
ting site), and the proinsulin sequence B-C-A. 


A fusion protein was synthesized and the 
methionine plus tryptophan synthase cleaved 
off using CNBr in order to obtain proinsulin. 
Through oxidative sulfitolysis, the correct cys- 
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Control by microprocessors 


rere vd 


HHHHBHHHH 


Reagents and | _ Nucleotides —— 


solvents 


To 
collector 


Operating principle of a gene synthesizer 


Short chains of up to 50 nucleotides can 

be synthesized in this way. The finished 
oligonucleotide chain is cleaved off the 
granule and washed out of the column. 
Through continuous improvement of 

the automatic process, the synthesis of 
nucleotides can be carried out ever more 
rapidly. All that is required is to type in the 
sequence, and the ready-made oligonucleotide 
is delivered shortly. 


teine residue links could be conserved, and 
the C-peptide in proinsulin made for a much 
better orientation of A- and B-chains. The 
C-peptide was then cut out enzymatically by 
trypsin to obtain active, correctly folded insu- 
lin, which was 10076 identical with human 
insulin. This is how pharmaceutical firms 
such as Berlin-Chemie, Sanofi-Aventis, and Eli 
Lilly currently produce insulin (Box 3.11). 


ш 3.23 Baker's Yeast for Proinsulin 
Production 


Novo Nordisk Inc. chose to use eukaryotic 
baker's yeast (Fig. 3.52) rather than prokary- 


Protective group 


There are three reasons for the key role of 
oligonucleotides in biotechnology. They 
can be combined to produce completely 
synthetic genes (as shown with insulin and 
somatostatin). They can also be used as 
DNA probes (Fig. 3.48) or as primers for 

a PCR and for sequencing purposes (see 
Chapter 10). 


Fig. 3.52 Baker' s yeast (Saccharomyces cerevisiae) 
is a minute, eukaryotic, single-cell organism. 
Shown here are live yeasts expressing green 
fluorescent protein (GFP, see Chapter 7). 


Box 3.10 The Expert's View: 
Biological Weapons — Everything 
Under Control? 


Biological weapons (BWs) are weapons of 
mass destruction—or at least some of them 
are. For instance, 1 kg of anthrax spores, 

the persistent form of Bacillus anthracis, 
could attack the lungs and cause the deaths of 
more than 100,000 people if sprayed over a 
10-million-person metropolis. 


Some toxin weapons (TWs) also qualify as 
weapons of mass destruction. A Scud missile 
warhead filled with botulinum toxin could 
poison an area of approximately 3,700 km? 
(approximately 1,429 miles?). 


Anthrax bacteria can cause infection 

even under normal circumstances and they 
will, in most cases, affect the skin. This is 
curable, whereas the more severe pulmonary 
anthrax infection is caused by the inhalation 
of bacterial spores and it is extremely rare 
under normal circumstances. Anthrax has 
been recognized as a professional risk in some 
trades and professions dealing with animal 
hides on a regular basis. 


By the same token, botulinum toxin can 
cause disease under natural circumstances. 
It is particularly known for causing food 
poisoning if the Clostridium botulinum cells 
were allowed to multiply in meat tins that 
were past their sell-by date. On the other 
hand, the toxin is also called Botox and it is 
used in beauty treatments. 


These examples show that BWs and TWs have 
not been purposely developed for warfare or 
terrorism but are hazardous in themselves. 


This is why they are called dual-threat agents 
(DTAs), and this is precisely what makes 
the control of BWs and prevention of 
bioterrorist attacks so difficult. 


There is an international agreement, 

he Biological and Toxin Weapons 
Convention (BTWC), which outlaws the 
development, production, and storage of 
BTWS and stipulates their destruction. 


t came into force in 1975—incidentally 

at the time when gene technology was 
introduced—and was ratified by 163 
countries. There are, however, some 
oopholes—the most significant allows DTA 
esearch and development for preventative 
and protective purposes to go ahead. 
Knowledge obtained in this way could then 
be used for less peaceful purposes, and this 
might well be the hidden agenda of this 


kind of research. On the one hand, gene 
technology and other molecular biological 
methods have large preventative potential, 
such as the fast and effective production 

of novel vaccines, the optimization of 
diagnostic methods, and the development of 
novel therapeutic drugs. 


Publication by Prof. Geifler. 


The PCR method can detect the tiniest traces 
of BWs, for instance ten Bacillus anthracis 
cells, in just 15 min, and it can determine, in 
the process, whether the detected pathogens 
come from natural sources or have been 
prepared in a military or terrorist lab. 


However, the use of biotechnological methods 
remains ambivalent and could well enable the 
production of more effective biological and 
toxin weapons (BTWs), thus enriching the 
arsenal of BWs and TWs quantitatively as well 
as qualitatively. 


Firstly, it is now possible to produce DTAs 
much faster and in larger quantities 

than ever before. Even mass production of 
certain toxins is possible by inserting the 
relevant genes into producer cells. Before 
the introduction of molecular biotechnology, 
only three toxins could be produced at an 
industrial level for military use: botulinum 


toxin, staphylococcal enterotoxin B, and ricin. 


Secondly, BTWs can now be proliferated 
much more efficiently. Through 
biotechnological methods, they can be made 
resistant to harmful environmental effects such 
as sunlight or desiccation, and their survival 
time can be either lengthened or shortened. 


Thirdly, it is now possible to increase the 
effectiveness of BTWs dramatically. By 
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targeted modification of the relevant genes 
or by inserting additional genes, pathogens 
can be made much more virulent. They 
could be made resistant to antibiotic or 
chemotherapeutic drugs available to the 
enemy, or they may be enabled to knock out 
the immune system. 


Finally, certain characteristics of the relevant 
BTW may be camouflaged so that diagnosis 
becomes more difficult and treatment is 
significantly delayed. 


However, the greatest danger of all is the 
development and production of second- 
generation bioweapons. 


The insertion of toxin or virulence genes 
could turn easily transmittable bacteria, 
fungi, or viruses, hitherto considered to be 
innocuous, into highly dangerous, difficult-to- 
fight pathogens. 


On the other hand, rumors that AIDS was 
created in US genetic engineering labs, 
have no foundation whatsoever and may 
themselves have been spread by the 
Soviet secret service KGB in the 

late 1980s. 


Be that as it may, BTWs have hardly ever 
been used since genetic engineering was 
introduced. Over the past four decades, 

no more than 73 people were killed by 
BWs, none of which had been genetically 
enhanced. Most victims died in an accident 
in a Soviet BWs laboratory and not by the 
deliberate use of a BTW. 


After the 9/11 attack on the World Trade 
Center in New York, there were widespread 
fears of bioterrorism all over the world, 

but so far, this has not happened. The five 
victims who died in the United States after 
opening letters containing anthrax spores 
soon after September 11 could be considered 
to be accidental victims of psycho-bioterror. 
Perhaps the BTWC fulfills its purpose better 
than expected despite its flaws in this age of 
molecular biotechnology... 


Erhard Geißler is a leading molecular 
biologist, who took up the international 
battle against biological warfare. 
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Fig. 3.54 Above: Advert for pig insulin from Hoechst in the 19305; right: Insulin variants. 
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otic bacteria for their insulin production. Like their 
competitors, they use an artificial gene. However, af- 
ter failing to produce proinsulin containing a complete 
C-peptide, they are using a C-peptide containing only 
nine nucleotides, i.e., it consists of just three amino 
acids. 


This peptide is too short to be hydrolyzed by yeast pro- 
teases. Moreover, it has been ingeniously composed to 
bring A- and B-chains so close together that disulfide 
bonds between them can be established while still inside 
the yeast cell rather than at the end of the biosynthetic 
process. 


The mini-proinsulin gene is controlled by the promoter 
of the triose phosphate isomerase (a glycolytic enzyme, 
see Chapter 2) gene, but the key point is that a signal 
sequence has been inserted between the promoter and 
gene (B-chain, shortened C-peptide, A-chain), which 
transports the mini-proinsulin out of the cell. The signal 
peptide itself is cleaved off by yeast proteases during the 
process. 


Thus, correctly folded proinsulin is secreted into 
the medium. The mini C-peptide is removed in the 
same way as porcine insulin is turned into the hu- 
man form. In an anhydrous (organic) medium and in 
the presence of threonine tertiary butyl ester, trypsin 
cleaves behind the two lysine residues, lengthening the 
B-chain by a threonine ester residue during the reverse 
reaction. Enzymatic hydrolysis results in active human 
insulin. 


ш 3.24 Artificial Insulin Variants 
(Muteins) Obtained by Protein 
Engineering 


As all the methods mentioned so far produce authentic 
human insulin, the next logical step would be to pro- 
duce insulin variants that do not exist in nature. 
This is done by recombinant technology. 


The two major properties desired in insulin are rapid 
action on the one hand, and effectiveness for 24h 
on the other. 


When insulin is injected subcutaneously (under the 
skin), there is a brief surge in insulin concentration 
under the skin. When highly concentrated, insulin 
molecules form hexamers, i.e., they form groups of six. 
However, in order to be absorbed into the bloodstream 
and transported to their target cells, they must first 
dissociate into dimers and monomers. In other words, 
the injected insulin reaches the bloodstream too 
slowly and, once in the blood, the insulin level re- 
mains high for far too long—a serious problem for 
diabetics. 


Box 3.11 The Magic of DNA 


The five stamps were 

issued by the Royal Mail 

in 2003 to commemorate 
the discovery of the DNA 
double helix by Francis 
Crick and James Watson in 
Cambridge in 1953, and 
subsequent work on the 
Human Genome Project. The 
cartoons are the work of The 
Times newspaper's political 
cartoonist Peter Brookes. 


Norvic Philatelics issued a 
First Day Cover designed 
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by John Billings, reprinted here 
with permission. 


Also in 2003, the Special 
Administrative Region 
Macao, part of China since 
1999, issued four stamps in 
presentation packs, showing 
the structures of DNA 
nucleotides. 


The Human Genome Project 
was the subject of an Australian 
stamp series. 


Points to Ponder About Gene 
Technology 


| think we must take the latest 
developments seriously. 


All progress in the past, from the 
taming of fire to the development 
of supercomputers, had an impact 
on our relationship with nature. 


We were the active party, and 
nature was our subject that was 
acted upon. 


Our aim was to free human beings 
from the constraints imposed by 
nature. 


However, what we are about to 
do now is something entirely 
different. We are no longer trying 
to tame living and inanimate 
nature. Instead, we are beginning 
to design ourselves, our bodies, 
our brains, turning biology into 
technical design. 


We are interfering with the basics 
of our being, no longer content 
with designing our environment. 
We want to perfect therapies, 
improve our bodies, or even 
optimize them. 


Will we be successful? 


And if we are, will we then still be 
human? 


Excerpt from Jens Reich, Es wird ein 
Mensch gemacht (A Man is in the 
Making), Rowohlt Berlin 2003. 
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Scripps’ tangible molecular models have arrived in 
Hong Kong — great excitement! 


Tangible molecule models 


We all know and love the fantastic computer 
graphics of proteins, DNA, lipids, or viruses. 


However, as sensual, emotional beings, we 
respond even more strongly to the tactile 
pleasure of holding things in our hands. 
Tactile (or olfactory, for that matter) experiences 
cannot quite be matched on a computer screen. 
To enable you to touch real molecules, we 
Would have to shrink you on a scale of 1:20 
million—so unfortunately, that's not an option. 


Our correspondingly enlarged tactile models 
do not simply reproduce the shape of a mol- 
ecule, but also the interaction within (intra- 
molecular interaction) or between molecules 
(extramolecular interaction) —DNA, proteins, 
viruses, and other structures. Further visual 
information is added by color coding types of 
atoms, charges, and electrostatic potentials. 


How are the models produced? 


1. The models are made using X-ray crystal- 
lographic data from published science ar- 
ticles. These data points contain the XYZ 
coordinates of various atoms that deter 
mine a protein's structure and shape. 

2. These structural data are fed into 3D soft- 
ware to build a virtual model. 

3. The atoms are colored according to their 
molecular properties, using programs such 
as PyMol, Auto-Dock, and Chimera. 
4. The 3D files are then converted into a se- 
ies of horizontal layers. 
5. These layers are sent to a 3D printer, where 
they are printed layer upon layer, until the 
model has taken full shape. 3D printers 
have now become affordable, and distribu- 
tion has also been boosted by commercial 
3D print platforms springing up. 


Jon Huntoon worked at the 
Molecular Graphics Lab of the 
Scripps Research Institute for 

6 years. He has now become 
one of the founders of Science 
Within Reach LLC, a company 

E that produces learning materials 
"hb forschools. 
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Ways had to be found to enhance the rapid 
availability of insulin. 


In 1996, а product named Humalog was 
developed by swapping proline and lysine 
at positions 28 and 29. The product is also 
known as insulin lispro, a name derived 
from “lysine-proline.” Another variant, insu- 
lin aspart, was created by replacing proline 
by aspartate. 


Both are fast-acting variants, reaching max- 
imum plasma insulin concentrations in 60 
rather than in 90min, and as with natural 
insulin, their plasma concentration also goes 
down faster. It makes meticulous planning for 
meals and the need to carry around snacks an 
unnecessary thing of the past. 


Intense research is also happening into insulins 
with delayed response. Insulin glargine 
(HOE901, Lantus) is a recombinant human in- 
sulin analog, which makes use of the reduced 
solubility of insulin hexamers in order to de- 
lay the action—just the opposite of what the 
fast-acting insulins are aiming for. 


The B-chain was lengthened by two arginines 
at the C-terminal and asparagine in position 
21 was substituted by glycine (hence the “gl” 
in the name). This makes insulin glargine 
difficult to dissolve within the physiological 
pH range (pH 7.4). Injected as a clear solu- 
tion, the insulin forms stable hexamer asso- 
ciates that dissolve slowly, releasing insulin 
over 24h. It can thus be used for one-shot 
injections. 


In all these cases, targeted genetic engineer- 
ing was used to swap around specific amino 
acids, and the insulin was produced by 
E. coli—a concrete example of successful 
protein engineering. 


ш 3.25 Genetically Modified 
Mammalian Cells for the 
Production of Modified Complex 
Proteins 


After the first euphoria about the ability to 
produce human insulin from bacteria, there 
Was a—perhaps not unexpected—disap- 
pointment in store for researchers: Not 
all proteins could be produced via modified 
microbes. By a fortunate coincidence, insulin 
is a small molecule consisting exclusively of 
amino acids. 


The amino acid sequence is not the only im- 
portant characteristic of a protein. Complex 
animal and human proteins also require 
modifications such as sugar residues, 
phosphates, or nucleotide groups in order 
to function. These cannot be produced by pro- 
karyotic bacteria, or at least when produced, 
they are inactive. Eukaryotic yeasts were 
an obvious alternative with their more sophis- 
ticated structure and metabolism. They were 
used successfully in the production of proinsu- 
lin, hirudin (see Chapter 9), and the hepatitis B 
vaccine, where F. coli failed miserably. 


However, the possibilities of yeasts are also 
limited, as they often lack enzymes and cofac- 
tors needed for certain protein modifications, 
or they may not have the cell organelle struc- 
tures to enable the newly synthesized proteins 
to fold into their correct spatial structure and 
form stabilizing disulfide bridges. 


The remaining alternative is to gene- 
tically alter mammalian cells (Fig. 3.56) 
and grow them in large quantities in bioreac- 
tors. What first looked quite unpromising has 
now become technologically viable. 


Genetic engineering of mammalian cells is 
much more laborintensive than that of bac- 
terial cells because their DNA is organized in 
a more complex way, packed away in chro- 
mosomes within a nucleus. Not only must the 
foreign gene be introduced into the nucleus 
(transfection), but it must be expressed 
within the cell. 


In a first step, the desired mammalian gene 
is isolated and cloned either in bacteria or by 
using PCR (see Chapter 10) in order to obtain 
sufficient quantities. For the transfection pro- 
cess, a vector system is required (see Box 3.4). 


The most common vectors are bacterial plas- 
mids containing an antibiotic resistance gene 
for the selection of those bacterial cells that 
have been successfully transformed and that 
can propagate the plasmid along with their 
own reproduction. 


The antibiotic would be one that is normally 
toxic to animal cells. Alternatively, the plas- 
mid could possess a gene encoding an enzyme 
that would compensate for a metabolic defect 
in the mammalian cells used for the purpose. 
This ensures that only cells containing the 
plasmid will survive in selective media. 


Using “molecular glue and scissors" as men- 
tioned above, i.e., restriction endonucleases 


Bacterial 


B-Galactosidase 


Ampicillin 
resistance 


am 
g р 


B-Galacto- 
sidase gene 


, Y Cell culture / 1 
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and DNA ligases, the human gene is inserted 
into the plasmid. In order to enable its sub- 
sequent expression in the mammalian cell, 
an animal promoter must be inserted just 
before it. 


The hybrid plasmid is mixed with bacteria. 
All cells that have taken it up can be easily 
identified, as they carry a resistance gene to a 
certain antibiotic, which enables them to grow 
and form a colony of identical cells or clones. 
Alternatively, they contain a gene compensat- 
ing for a genetic defect present in the mamma- 
lian cells. These cells all contain copies of the 
same plasmid, which can easily be extracted 
from the bacterial cells. 


Disulfide bridge 


There are several possible transfection me- 
thods, i.e., methods for the introduction of the 
hybrid plasmids into mammalian cells: 


The vector can be introduced through mi- 
croinjection, using a very fine injection 
needle, the tip of which is pushed right into 
the nucleus. If this is successful, the plasmid 
integrates into the chromosomal DNA of the 
mammalian cell. 


The calcium phosphate precipitation 
method involves adding plasmids to a phos- 
phate buffer and adding calcium ions. The 
poorly soluble calcium phosphate precipitates, 
forming calcium-plasmid aggregate granules. 
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Fig. 3.55 Insulin expression in two separate 
Escherichia coli strains. 


Two oligonucleotides (A- and B-chain) are chemically 
synthesized in a first step. Each of the DNA fragments 
codes for one of the insulin chains. Once they have 
been cut by restriction endonucleases, they are 
inserted into separate plasmids. 


The insulin DNA is preceded by galactosidase-encoding 
DNA (f-Ga) and the bacterial promoter of p-Gal. 


The resulting fusion proteins accumulate in separate 
places in E. coli as p-galactosidase A-chain insulin and 
p-galactosidase B-chain insulin. 


The cells are harvested and both fusion proteins are 
purified. 


The insulin-coding DNA has been engineered to start 
with a methionine codon. Cyanogen bromide (CNBr) 
always splits the peptide binding after a methionine. 
Thus, the fusion protein can be cleaved by CNBr right 
behind methionine. The natural insulin chains are 
thereby produced separately. The produced 
p-galactosidase contains several methionine residues 
and is cut therefore into small peptide pieces. One can 
get rid of B-Gal by this trick. 


The ingenious idea: Since the insulin chains 
themselves do not contain methionine internally, they 
remain intact! 


After purification, they undergo oxidative sulfitolysis, 
thus activating the cysteines in the A- and B-chains to 
produce functional human insulin. 


CNBr cleaves the peptide bond after methionine. 


B-Galactosidase 
NH, 


CNBr— 


cys 


0-9-9.90-0 B-chain 
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Foreign DNA 


Cleavage 
through 


Synthesis of 
foreign protein 


Fig. 3.56 Gene modification in mammalian cells. 


Ina first step, the foreign gene is isolated and 
cloned into bacterial cells (or replicated through 
PCR) and introduced into a vector, using restriction 
endonucleases and ligases (shown here: bacterial 
plasmids carrying a specific antibiotic resistance 
gene). If the foreign gene is to be read (expressed) 
in mammalian cells, an animal promoter (the 
recognition sequence for the binding of RNA 
polymerase) must be inserted right before the 
foreign gene. 


The recombinant plasmid is then introduced into 
bacteria. The cells containing the plasmids are 
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resistant to specific antibiotics and they can thus be 
selected. The plasmid containing the foreign gene is 
cloned in the bacteria and is subsequently isolated. At 
the end of the processes, it will be available in large 
amounts. 


It is introduced (transfected) into the mammalian cell 
through microinjection into the nucleus or through 
precipitation of the plasmids and direct uptake by 
the cell. A small proportion of the introduced DNA is 
stably inserted into the genetic information of the 
mammalian cell and converted into a foreign protein. 
The mammalian cell types used here have been 
cultured to facilitate the isolation and purification of 
the foreign protein. 


The calcium ions speed up the intake of the 
DNA granules through the cell membrane 
into the mammalian cell. A small proportion 
is thus transported into the cells and is stably 
integrated into the chromosomal DNA. 


In electroporation, the mammalian cells are 
exposed to strong electric impulses, which 
briefly open up large pores in the cell membrane 
through which the plasmids can be taken in. 


The transfected mammalian cells are grown 
in a suitable selective medium (Fig. 3.57). 
Just as in the case of genetically cloned £. coli 
bacteria, only genetically engineered mamma- 
lian cells will survive, as the inserted plasmid 
carries either a resistance gene to an antibiotic 
that would otherwise be toxic to the mam- 
malian cell, or an enzyme gene compensating 
for a metabolic defect of the mammalian cells 
used in the experiment. 


There are several methods of making the 
desired product available. If the products 
remain inside the cell, the cells are harvested 
and solubilized. The product is then isolated 
and purified (Fig. 3.58). 


If the products have been secreted by cells (е.р., 
antibodies), they can be obtained from the drained 
medium while the cells remain in the reactor. 


The genetically modified cells form colonies 
on suitable nutrient media, secreting large 
quantities of the desired protein into the me- 
dium (Box 3.12). 


Some mammalian cells need firm surfaces 
to grow on naturally, such as glass or plas- 
tic, where they form cell lawns (Fig. 3.53). 
However, most mammalian cells are able to 
grow as single cells in a liquid nutrient me- 
dium in bioreactors (Figs. 3.59 and 3.60). 


Mammalian cells have also been enclosed in 
gels. Antibody-forming hybridoma cells (see 
Chapter 5) are grown in alginate capsules, 
secreting the antibodies through the capsule 
membrane into the medium. 


Pharmaceutical products obtained from gene- 
tically manipulated cells rang in a new era in 
the development of biotechnology. 


The first major milestone in biotechnology, 
however, was reached in the 1940s with the 
industrial production of penicillin (see the 
next chapters!). 


Box 3.12 The Expert's View: 
A New Era? Ethical Questions on 
Genome Editing 


By Wolfgang Huber, retired Protestant 
bishop 


CRISPR-Cas9!? 


“The medical discovery of a century,” *. 


а new 
era,” "God's instrument,” “magic scissors” 


Where a scientific discovery makes such 
headlines, our ethical judgment can be 
easily drawn into the currents of opposing 
interpretations. There is talk of tearing 
down walls versus opening the floodgates, 
a new start into freedom with unheard 

of opportunities versus a slippery slope 
into unstoppable decline. Euphoric views 
exaggerate the new opportunities to turn 
them into a promise of salvation, while 
apocalyptic views look at the risk as 
inescapable doom. 


What some hail as God’s instrument is 
criticized by others as a presumptuous 
attempt at playing God. 


A strangely misguided notion 
of God 


In both cases, there is a strange notion 

of God that guides the interpretation of 
scientific discoveries. To see God as a 
demiurge, who created the world and is at 
the helm of evolution, using appropriate 
instruments, does not sit well with a 
reflective idea of God, which makes sense 
of the world as a good creation and the 
destiny of humans to contribute to this 
good creation. 


To praise our contribution to shaping the 
world through human comprehension 
as the discovery of God’s tool is as 
misguided as wanting to limit its use 
because humans would thereby interfere 
with God’s defined causal function. In the 
first case, the euphoric view, in the second, 
the apocalyptic approach to new scientific 
possibilities both add a religious dimension, 
which makes it impossible to enter a 
critical dialog. 


Ethics, by contrast, understood as 
methodically guided reflection on 


responsible human behavior, is 

well advised to take the route of weighing 
up the risks and opportunities and to 
think of the intended objectives as well 
as unintended consequences of possible 
action. 


AT 


Albrecht Dürer, Melancholia (1514) 


New opportunities for action 


Various examples of the need for ethical 
deliberations are being discussed. Jórg 
Hacker (b. 1952, former president of the 
Leopoldina Academy of Sciences) found a 
plausible way of distinguishing between the 
issues involved (Hacker, 2016). New ways of 
action in green and red technologies are being 
discussed, the latter in animals as well as in 
humans. A further distinction must be made 
between gene technological intervention 

in somatic cells and intervention in the 
germline. 


Genome editing in somatic cells and 
germ cells 


Genome editing in somatic cells only 
affects the individual treated, whereas 
interventions in the germline may affect 
developing individuals and all their 
offspring. The implications on the life 
history of an individual affected by germline 
interventions as well as their potential 
offspring are substantially more far-reaching 
than genome editing in the somatic cells of 
an individual. 
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As important as the distinction between 
intervention in somatic cells and germline 
cells is the distinction between therapeutic 
objectives and objectives of perfectionism. 
This distinction, however, is not as clear-cut 

as ethics experts might wish. A snapshot 
highlighting the problems is not enough to 
reach an ethical judgment. What is needed 

is an overview of trends that arise from 

the current state of the arts in science and 
technology. 


The current discussion on genome 
editing 


The current discussion on genome editing 

has been characterized by the application of 
such guiding principles on advanced genetic 
interventions in somatic cells (or even 
germlines). Whether a clear distinction is 
made between interventions that aim at the 
avoidance of or healing from disease and 
interventions that aim at improving the genetic 
makeup will be a key question in upcoming 
debates. 


What can ethics contribute to these 
debates? 


This can only be clarified with a clear 

notion of what ethical reflection means. It 

is grounded on the distinction between a 
pragmatic, an ethical, and a moral use of 
reason (Habermas, 1991). 


Pragmatic considerations are governed by 
purpose-bound rationality, establishing, for 
instance, if a suggested procedure will achieve 
its purpose efficiently and effectively, i.e., 
using the available means to greatest effect. 
The results are action principles based on 
an ends-to-means relationship. Such rules 

are indispensable, but they are insufficient 
when it comes to taking responsibility for 
human behavior. It is sometimes crucial not 
only to choose between different means of 
achieving specified objectives, but also to make 
a decision on the objectives and means for 
which there are strong reasons to prioritize 
them (opting). These reasons for deliberately 
chosen answers to the question of what 

is good are, strictly speaking, the subject 
of ethics. Its remit thus covers different ways 
of life, cultural conventions, and religious 
orientations. 


However, as soon as our own action affects 
other people, our own guiding principles no 
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longer provide sufficient orientation. Another 
perspective is now needed to account not 
only for our own preferences, but also the 
preferences of other individuals. A code of 
conduct must be found that is compatible 
not only with an individual’s own freedom, 
but also the freedom of others. In this 
situation, we must not only ask what we 
owe to ourselves but think of what we owe 
to others. 


This impartial, justice-led reflection is 
called morality as opposed to the narrower 
field of ethics described above. 


What is just usually has priority over 
what is good. At the level of abstract 
reflection, philosophical ethics often takes 
the lead and it is understood to interpret 
what is just. In contrast, ethics shaped by a 
worldview are thought to interpret particular 
concepts of what is good. Reflections on the 
respect that is owed to every human being 
also determine important developments in 
the ethics of life sciences. Medical ethics 
represents a paradigmatic learning field for 
them. 


The four principles of medical 
ethics 


The declaration of four principles 

of medical ethics has become almost 
canonical: respect for autonomy, 
nonmaleficence, beneficence, and 
justice. 


The principle of beneficence 


I put Beauchamp's and Childress’ principle 
of beneficence at the beginning, the duty 
to benefit the patient and to respond to 
their vulnerability with empathy, to 
avert danger to their lives, to avoid and 
surmount suffering or at least alleviate 
it—in short, solidarity with those who suffer 
requires developing and applying ways of 
healing. 


Gene technological methods are not 
excluded and, indeed, medicine uses 

them already in many different ways. 
However, whether genome-editing 

methods such as CRISPR-Cas9 for somatic 
cells such as CRISPR-Cas9 can provide 
therapies for inadequately treatable diseases, 
which are reliable, precise, and free 

from side effects, is not for the ethicist to 
decide. 
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is my pious mother who often suffered from 
pestilence and many other serious diseases. 
She suffered great poverty, mockery, contempt, 
sneers, and other tribulations, and yet she 
never was vindictive.” 


But, if such methods in somatic cells are effective 
without having negative side effects, the principle 
of beneficence, of solidarity with those who 
suffer, would demand that such therapies be 
developed and used. The cost of such treatments 
is another matter, which I will not consider here; 
but, it should at least be mentioned. 


From the isolated perspective of beneficence, 
the correction of the genome in germ 
cells may have possible benefits. 


If a genetic aberration that is more or less likely to 
result in disease in later life is corrected, this can 
prevent possible suffering by perhaps preventing 
the onset of disease, thus making elaborate and 
expensive follow-ups and treatments superfluous 
and improving life quality. 


The objection that it is an artificial and 
unnatural way of eradicating a genetic 
defect no longer holds in recent discussions, 
in my view rightly so. After all, all healing 
interventions—even in naturopathy—have 
in common that they follow a plan and do 
not simply let nature take its course. This 
is why—in contrast to natural processes— 
such interventions have an initiator, who 
can be personally held responsible for the 
consequences of their intervention. 


Germline interventions are 
therefore within the remit of responsible 
ethics. The possible benefit for the patient, 


however, is only one of the aspects under which 
to view germline interventions. Furthermore, 
we must ask whether measuring this type 

of intervention against principles other than 
beneficence will have a similarly positive result. 


Nonmaleficence 


Alongside beneficence there is nonmaleficence. 
I mentioned the avoidance of side effects when 
discussing interventions in somatic cells. 


How does the principle of 
nonmaleficence apply to 
interventions on the germline? 


Two aspects must be distinguished. One 
refers to off-target mutations in other 
loci in the genome, unintentional side 
effects of a targeted eradication of a genetic 
defect, or epigenetic effects resulting 

from interaction between genes and 
environmental factors. 


However, such effects—and this is the other 
aspect—affect not only the individual where 
an intervention took place during embryonic 
development but also their offspring over several 
generations with no recognizable time limitation. 


What time horizon should be set to answer 
these questions regarding the entire life history 
of an individual and the future history of 
several generations I cannot tell. This is why 
the idea of a moratorium—which usually 
sets a timeframe—seems indeed questionable. 


The question is: will a moratorium 
suffice? From an ethical perspective, this 

is a classic example of the principle of 
nonmaleficence in a very specific form—the 
precautionary principle (see Huber, 2016, p. 
251). In a nutshell, the essence of the principle 
is captured in Hans Jonas' rewording of the 
Categorical imperative as a moral basis: 


Act so that the effects of your action 
are compatible with the permanence of 
genuine human life 


(Jonas, 2015, p. 40) 


The more precisely we can assess and 
pinpoint the future effects of a possible 
action, the more clearly we will be able 

to evaluate whether it is responsible. The 
more unclear such future effects are, the 
more cautious one must be. Thus, when 
applying the nonmaleficence principle to the 
new methods of genome editing, low-error 
interventions in somatic cells to heal or 
avoid disease are morally justifiable. 


Applying the principle to human germline 
interventions, by contrast, may be associated 
with long-term effects of an uncertain nature 
with unknown consequences. 


Is the high risk justifiable? 


One might well argue that the extent and 
probability of the benefit of germline genome 
editing may justify an increased risk. 


This is the position of the group 

around David Baltimore: “As with any 
therapeutic strategy, higher risks can be 
tolerated when the reward of success 15 
high, but such risks also demand higher 
confidence in their likely efficacy" (Baltimore, 
2015, p. 37). 


Dürer, Madonna of the Pear, 1512, 
Kunsthistorisches Museum Vienna 


Let us assume that what is meant is higher 
confidence in the success of the therapeutic 
strategy for which one is prepared to take 
such risks; but, the question remains what 
the extent and probability of the risks are and 
whether they would affect the recipient of the 
therapeutic strategy or others. It seems that 
these questions cannot be currently answered 
regarding interventions in the human 
germline and the knock-on effects they may 
have on the entire lifetime of the affected 
individuals and their potential offspring, or 
even the entire gene pool. As long as such 
risks can be neither excluded nor described 
in their extent, an international ban on gene 
technological interventions in the germline is 
morally equivalent to—and as plausible as—a 
ban on cloning individuals. 


Respect of autonomy 


The third principle is autonomy, or, to put it 
more generally, respect of the human being 
or the personality principle. An egalitarian 
universal approach of equal dignity can be 
combined with differently flavored ideas of a 
human being. 


In our culture, which has been shaped by 
Christianity and the Enlightenment, the 
idea of a unique individual destined to be 
free and able to act responsibly has become 
dominant. This notion of an individual is 
grounded in the idea of divine creation and 
humans being created in the image of 
God as well as the idea of humans being 
guided by reason and therefore being 
autonomous. 


In contrast to objects, individuals are 
characterized by their uniqueness. It is 
part of human dignity that individuals are 

not interchangeable. This, however, only 
remains the case if they are not constructed 
and produced following a blueprint designed 
by others. Freedom depends on life conditions 
and opportunities not being at the disposal of 
others. 


Freedom shows in the shaping of 
contingency 


For these reasons, the boundary between 
healing and enhancement, avoidance of 
suffering and designing happiness, between 
conservation and construction, treatment and 
perfectionism is crucial. 


A person is autonomous and not at 
the disposal of others 


These qualities are inseparable. From the 
beginning, this aspect has been central to the 
discussion of gene technology. The boundary 
that is so crucial here has been marked from 
different perspectives. Discourse-ethical 
approaches as well as communitarian ethics 
contradict the idea that there is a right to 
intentionally modify the genetic makeup of 
another person, thus making the transition 
to positive eugenics. This has been 
exemplified looking at the relationship 
between parents and children, which 

is the relationship that is most of all 
characterized by the idea that there is a right 
or even a duty to plan and do what is best for 
the benefit of the other person. 


Michael Sandel makes a pointed "case 
against perfection." To him, the attempt to 
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genetically improve one’s own children is 
irreconcilable with the ethical paradigm of 
unconditional parental love. Even though the 
objectives of genetic improvement of children 
may be very laudable—such as enhancing 
musical talent or athletic prowess—this 

does not change his conclusion: “The drive 
to banish contingency and to master the 
mystery of birth diminishes the designing 
parent and corrupts parenting as a social 
practice governed by norms of unconditional 
love” (Sandel, 2007, p. 82f). 


These different lines of argument show that the 
personality principle—much more so than the 
previously discussed precautionary principle— 
takes us right into the heart of strictly ethical 
considerations. Religious and cultural imprints 
are summoned to enhance the plausibility of 
the guiding personality concept. 


This concept, however, is no doubt much 
more amenable to the idea that human 
dignity applies to all, whatever their 
individual differences, than many other ideas 
of the human self. 


There is an inner logic to it that leads to an 
attitude that will limit new gene technological 
possibilities to therapeutic purposes rather 
than enhancement, to healing rather than 
perfection; in other words, the technique 
should be used for negative rather than 
positive eugenics. 


Wisdom 


The practical application of this distinction 
requires wisdom. In any case, science and 
wisdom are more closely related than we often 
think. Even the rapid development of their 
discoveries should not prevent scientists from 
asking what image of a human being guides 
them and from reflecting on the objectives for 
which their discoveries should be used (or not). 


Even the possibilities of gene editing should 
not get in the way of the insight that humans 
cannot be “made.” 


It would amount to genetic determinism 

if the new possibilities would lead us to 
believe that human life can be without 
suffering. With every progress, new 
uncertainties and open questions arise and 
now as well as in the future, humans must 
learn to live with their vulnerabilities and 
admit to their weaknesses. Humility is 
needed, in spite of all magic scissors 
(see Berg, 2015). 
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Albrecht Diirer, self-portrait with landscape, 
1498 Prado, Madrid 


Predictions on whether and for how long 
genome editing will stop short of positive 
eugenics vary widely in the current 
discussion. One precondition for boundaries 
to be clearly laid out is the public discussion 
on whether the personality principle should 
have a limiting influence on the lure of 
genetic modification. 


Justice 


I would like to limit myself to one comment 
that is related to the distinction between 
treatment and enhancement, between healing 
and perfection that has just been discussed. 

It is often said that such a distinction cannot 
always be made. 


However, this distinction will have to be 
made when it comes to funding genome- 
editing treatment. Health insurance and 
national health services can only be asked 

to fund treatment that is necessary to cure 
disease, is medically effective, and does not 
incur excessive cost. Enhancement measures, 
if permitted at all, would not be paid for by 
regular insurers in the foreseeable future, I 
would assume. 


Only the well-off would be able to afford the 
extra cost to further their own interest or the 
interest of their children. 


Let us assume that enhancing musical talent, 
athletic prowess, scientific excellence, 

or professional performance could be 
achieved through positive eugenics. This 
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would mean that 

social inequality would be exacerbated 
by gene technology. In addition to 
existing social inequality, empowerment 
through talent and thus fairer participation 
would be hampered by unequal access to 
enhancement technology. 


Two suggestions 


My deliberations lead to two suggestions— 
one is to distinguish what is just from 
what is good—moral from strictly ethical 
questions—when looking at the ethical 
dimensions of genome editing. The other 
suggestion is to apply the four principles of 
medical ethics to genome editing. 


When discussing the beneficence and 
precautionary principles, Т emphasized 

moral aspects, whereas on the topics of the 
personality and the justice principles, 

I highlighted the more ethical aspects. The 
topic requires a clear boundary between 
therapeutic objectives and perfection 
objectives in medicine. 


In my view, for moral and ethical reasons, 
possible interventions in somatic cells for 
therapeutic purposes should be studied 

and further encouraged, whereas further 
interventions in the human germline should 
be discouraged as long as there are good 
moral and ethical reasons against it. 


Bishop emeritus Wolfgang Huber 


This article is based on a lecture given at the 
Annual Conference of the German Ethics 
Committee in Berlin on June 22nd, 2016 and 
was abridged by Reinhard Renneberg. 


The entire lecture was published in Zeitschrift 
für Evangelische Ethik, 60. Jg. pp 272-281 
ISSN 044-2674 ©Giitersloher Verlagshaus 2016. 


For references, see original publication. 


Fig. 3.57 Culture of mammalian cells in special media 
containing nutrients and special antibiotics. 


Fig. 3.58 Mammalian cells growing on spheric 
microcarriers. 


Fig. 3.59 A gene for a cold-resistant protein was 
isolated from a frozen mammoth DNA in 2011. It 
was then cloned and produced in a cell culture. Low 


temperatures are used not only for separation, but also 


increasingly in surgery. 


Fig. 3.60 /n this mammalian cell reactor, the cells are 
provided with nutrients through hollow fibers. 


Possible modifications of a protein after its 
synthesis in eukaryotic cells 


* Disulfide groups between cysteine residues. 

e Attachment of sugar (glycosylation). 

e Blockage of the N-terminus. 

e Farnesylation or myristoylation to associate 
proteins with the membrane. 

* Specific hydrolysis (proteolytic cleavage). 
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What are the differences between DNA and RNA? Name at 
least three! 


This is the sequence of a DNA strand. 
5'-AATTCGTCGGTCAGCC-3' What is the complementary 
sequence? 


You discovered a new bacterial strain with a DNA consisting of 
17% adenine. What is its guanine percentage? 


A eukaryotic mRNA has the following sequence: 
5'-AUGCCCCGAACCUCAAAGUGA-3' How many codons 
does it contain, and how many amino acids have been coded? 
(Normally, mRNAs are much longer. Note that there are not 
only protein-coding codons.) 


What sort of protein would result from cutting human genome 
DNA directly with restriction endonucleases, inserting it into 
plasmids, and having it expressed? How could this result be 
avoided? 


What makes bacterial plasmids ideal vectors for foreign DNA? 
Name at least one other vector that is based on a virus. 


Why are DNA probes always single-stranded molecules? 


Why were the A- and B-chains of human insulin first expressed 
in separate strains of Е. coli? 


Hong Kong is now doing its own genome project to reveal the 
secrets of the state symbol, the Bauhinia flower. 
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“SI VIS PACEM, PARA BELLUM." 
IF YOU WANT PEACE, 
PREPARE FOR WAR. 


Flavius Vegetius Renatus, around 450 C.E. 


“SI VIS PACEM, PARA PACEM." 
IF YOU WANT PEACE, 
PREPARE FOR PEACE. 


Carl Djerassi, “Father of The Pill," 1923-2015 


Publius Fl 
a writer of 
(ath: or sth 


Гау! 
th ry) 


Si vis pacem, para PACEM ! 


"If you wish for peace, 
prepare for PEACE!” 
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Fig. 4.1 Ludwig von Bertalanffy 
(1901—1972), cofounder of 
Theoretical Biology, sometimes 
applied his theory in surprising 
practical ways. 


Fig. 4.2 Hemoglobin (with 
oxygen bound to the iron- 
porphyrin complex of the heme 
group) was the first protein in 
which allosteric effects could 
be shown. The binding of 
oxygen changes the shape of 
the molecule, thus making it 
easier for more oxygen to bind. 


Fig. 4.3 Jacques Monod 
(1910-1976), 1965 Nobel Prize 
winner and director of the 
Institut Pasteur, Paris, from 
1971 until his death in 1976. 
Monod wrote a much-debated 
philosophical treatise, titled 
“Chance and Necessity.” 


Fig. 4.4 The metabolic network 
of a cell. Complex sugars 

(blue, top left) are turned into 
glucose, which is converted 
during glycolysis (dark blue 
vertical line down the middle), 
ending in the citric acid cycle 
(dark blue, center at the 
bottom). Amino acids are 
formed at the junctions. 
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ш 4.1 The Overview Problem 


A cell is not an isolated unit, but an open system 
through which there is a constant flow of substances 
that are immediately converted. This process, which 
never reaches a stationary equilibrium, is called a 
steady state. 


Ludwig von Bertalanffy (1901-1972, Fig. 4.1), 
cofounder of Theoretical Biology, expressed the con- 
cept thus: “If you have a dog, you may believe that in 
5 years, the dog that comes running to you when you 
call his name is still the same dog you are seeing today. 
In fact, there will be hardly anything left of it in terms 
of material components. In 5 years, your dog will con- 
tain perhaps just a molecule and a few cells of the dog 
you used to know. Apply the same principle to humans, 
your wife, e.g., and I leave it to you to draw your own 
conclusions.” 


A human weighing 70kg (154 lbs) takes in 50-100 g 
(1.75-3.50z) of protein, 300g (110z) of carbohy- 
drates, and 40-90 g (1.4—3.2 oz) of fat per day, along 
with water vitamins, minerals, and about 500L 
(182) of oxygen. The human body converts this into 
approximately 70 kg of the “energy currency" ATP and 
2 kg of citric acid (see later in this chapter), which are 
released and degraded, producing energy and nonrecy- 
clable waste. 


Only the constant provision of raw materials can 
help maintain the steady state of the cell system. Our 
metabolism is further assisted by up to 2kg of intestinal 
bacteria that also produce some essential vitamins. 
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In an average-sized single cell (between 1/1,000 and 
1/100nm), myriads of metabolic reactions take 
place simultaneously, in parallel, or in sequence. 
They are all kept in sync, maintaining their equilibrium, 
yet they are flexible enough to adapt to changing circum- 
stances such as rest, activity, hunger, growth, reproduc- 
tion, heat, or cold. АП organisms have a close network 
of regulatory and control mechanisms working on a 
wide range of principles. 


At the cell level, enzymes have an important part to play: 
Most of them are organized like production processes in 
a factory, in multiple chains and cycles (Figs. 4.4 and 
4.6, Box 4.15), whereas in some simple organisms, the 
enzymes float freely in the cytoplasm. 


The cytoplasm of a single cell (Fig. 4.5) contains be- 
tween 50,000 and 100,000 molecules of the most im- 
portant glucose-degrading (glycolytic) enzymes (see 
Chapter 1). Their end products are small molecules that 
move with ease through the cytoplasm on their way 
from one enzyme to another. 


However, distances that seem minimal to us can be 
quite a challenge to overcome in a metabolic reaction, 
especially where activators or inhibitors of enzymes and 
enzymes involved in other metabolic pathways could 
interfere. A living cell is teeming with activity like an 
overcrowded swimming pool through which enzymes 
have to maneuver. 


In more highly organized enzymes, such interferences 
are avoided and enzymatic effectiveness is enhanced by 
the formation of enzyme complexes. These are struc- 
tures that consist of several enzymes, known as mul- 
tienzyme systems. 


German biochemist and Nobel Prize winner Feodor 
Lynen (1911—1979) carried out long-term studies on 
the synthesis of fatty acids within a cell. He found 
that the enzymes involved in a cell’s synthetic processes 
are part of a large multienzyme system. In yeasts, the 
fatty acid synthetase complex consists of seven different 
enzymes that are stably interlinked. 


A multienzyme system helps overcome distances, 
handing the substrate from one enzyme to the next in 
a closed circuit. Only the end product is allowed to exit 
the system, thus avoiding interference. 


The first electron microscopes showed that a eukary- 
otic cell is not just a sack containing a medley of com- 
ponents, but a sophisticated ensemble of channels and 
membranes. Fig. 4.8 shows the complex interior of a 
eukaryotic cell. 


Just like a factory, a eukaryotic cell is divided into several 
functional units or compartments. 


Membranes provide walls, pipes, or wires between the 
compartments (Fig. 4.5). 


The nucleus is the headquarters, the mi- 
tochondria are the power stations, and the 
ribosomes are protein assembly plants. Just as 
in a factory, you would find certain machines 
and specialists only in the relevant functional 
units and certain enzymes pertaining to spe- 
cific compartments. Thus, otherwise incom- 
patible processes can run simultaneously in 
separate compartments. For example, fatty 
acids are assembled in the cytoplasm, but de- 
graded in mitochondria, which are separated 
from the cytoplasm by a membrane. 


Membranes not only serve as barriers for 
enzymes but also provide sites for substrates 
to accumulate, as well as combine and coordi- 
nate enzyme reactions. 


There is increasing evidence that most en- 
zymes do not occur freely in the cell, but 
are bound to various structures, with a large 
proportion of enzymes floating in the lipids of 
membranes. 


A cell has two basic ways of regulating its 
metabolism through enzymes: 


Tactical adaptation uses the enzymes avail- 
able, activating or inhibiting them chemically 
or physically. These processes permit short- 
term reactions, sometimes within a fraction of 
a second. 


Strategic adaptation, on the other hand, is 
a response to general changes in living condi- 
tions and is genetically controlled. 


4.2 Tactical Adaptation 


"Eureka, I have discovered the second secret 
of life!" exclaimed Prof. Jacques Monod 
(1910-1976) (Fig. 4.3) in 1961, having 
Worked over 2 decades at the Institute Pasteur 
in Paris. 


From the mid-1950s onward, several research 
teams had been investigating the mechanisms 
of metabolic regulation in their “pet organ- 
ism," the intestinal bacterium Escherichia 
coli. 


The research focused on enzyme chains in- 
volved in the step-by-step conversion of the 
original substrate into an end product. The 
precision of the control mechanisms acting 
on these pathways was simply beyond be- 
lief. In order to stop the synthesizing process 
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Fig. 4.5 Eukaryotic (below, featuring both plant and animal components) and prokaryotic cell (top 
left), and a virus (a bacteriophage). 
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Fig. 4.6 Roadmap of 
a cell —a fascinating 
view. This is a 
section of Gerhard 
Michal’ s famous 
map of metabolic 
pathways (Roche 
Applied Sciences), 
showing all known 
enzymes, substrates, 
products, cofactors, 
interconnections, 
and feedback. A clear 
picture of the map is 
shown at the end of 
this book. O Roche. 
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Fig. 4.7 Induction of lactose-degrading 
enzymes in a bacterial cell by lactose (or 
more precisely, the real inducer allolactose) 
(right). The lac repressor binds to the 
operator region in the DNA. 


Fig. 4.8 David Goodsell’ s panoramic section 
through a eukaryotic cell. Below left: plan 
view of the section. 

Below right: The panoramic view begins 

on the left with the cell surface, carrying 

on through part of the cytoplasm. In the 
endoplasmic reticulum, ribosomes are 
shown during protein synthesis. Then comes 
the Golgi apparatus and a vesicle. The center 
of the diagram shows a mitochondrion, 

and the nucleus can be seen on the right. 

All macromolecules are shown: proteins 

are blue, DNA and RNA red and orange, 
lipids yellow, and carbohydrates green. The 
ribosomes, consisting of RNA and protein, 
are colored in magenta. In an existing cell, 
the spaces between macromolecules are 
filled with small molecules, ions, and water. 
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immediately, it sufficed to add the end prod- 
uct. However, when the first enzyme of the 
chain was gently heated, the reaction chain 
could not be switched off. Although it still 
showed some activity, the switch on the en- 
zyme had been destroyed. How could the 
end product switch off the first enzyme of the 
chain? Competition between the substrate 
and the end product could be ruled out, as 
there was no similarity between the two. 


After carrying out further experiments, 
Monod and Francois Jacob (1920-2013) 
originated the idea that control of enzyme 
levels in all cells occurs through the regula- 
tion of transcription. They shared the 1965 
Nobel Prize in Medicine. They concluded that 
the switch must be a binding site for the end 
product which is sterically (spatially) separated 
from the active center—a phenomenon that 
became known as "allostery" (Greek allos, 
different). 


The allosteric site seemed to have some impact 
on the active site. Incidentally, it was around 
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that time that John Kendrew (1917-1997, 
Nobel Prize shared with Max Perutz in 1962) 
revealed the structure of hemoglobin through 
X-ray analysis. While at a first glance, these re- 
sults seemed to bear no relevance to the solu- 
tion of allostery problems, it turned out that 
the entire hemoglobin molecule changed 
its shape when one of its four subunits had 
bound an oxygen molecule (Fig. 4.2). 


Could it be that in allosteric enzymes, the 
binding of an inhibitor modified the entire 
spatial structure of the enzyme and thus 
the shape of its active site in a way that in- 
hibited the conversion of further substrates? 
Conversely, the binding of activators to the 
allosteric site should optimize the spatial struc- 
ture of the enzyme and its active site. 


It was found that allosteric enzymes consist 
of several subunits, all of them containing 
one active site and at least one allosteric site. 
The subunits are so closely linked that the 
binding of an allosteric inhibitor molecule not 
only changes the spatial structure and thus the 
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activity of the binding subunit but also inhibits 
the other subunits. Cooperation between 
the subunits thus enhances the regulatory 
effect of the inhibitors or activators. 


In other words, allosteric regulatory 
enzymes are controlled by comparatively 
Weak signals (inhibitors or activators) that act 
like electrical relays and have strong im- 
pacts within the cell. They are placed in key 
positions in the metabolic process. Sometimes, 
a single allosteric pacemaker enzyme at 
the start of a metabolic pathway is enough to 
set the pace for the whole pathway. This is 
true for the synthesis of glutamine in bacteria 
(Section 4.4). The accumulation of a meta- 
bolic product at the end of a pathway triggers 
negative feedback. 


The end product has a remote effect by 
binding to the pacemaker enzyme of the 
chain and inhibiting it. The whole conveyor 
belt system is thus brought to a halt, and the 
starting substrate can be used for other pur- 
poses until overproduction has been dealt 
with through degradation or use of the end 
product. 


Not only enzymes but other proteins as well 
can be regulated by allosteric mechanisms. 
Allosteric proteins mediate interactions be- 
tween compounds with no chemical affinity, 
thus regulating the flow of matter and en- 
ergy through the whole system with a mini- 
mum of energy. Monod and Francois Jacob 
shared the Nobel Prize for physiology or 
medicine with André Lwoff (1902—1994) 
in 1965. 


We will have a closer look at the allosteric 
regulation of the lac repressor and glutamine 
synthesis. 


Bi 4.3 Strategic Adaptation: 
Enzyme Production on Demand 


All cells in an organism carry the same com- 
plete set of genetic information encoded in 
their DNA. 


Mitochondrium 


A highly specialized neural or intestinal cell, 
however, does not need the whole genetic 
range. Producing acetylcholine esterase in 
an intestinal cell would not make any sense, 
and producing digestive enzymes in a neural 
cell could even be fatal. A large part of the 
genetic information is therefore suppressed 
or blocked, depending on the cell type. 
Surely, there must be a control system that 
decides what information is released where 
and when. 


Jacques Monod and his colleague Francois 
Jacob had been working on this riddle since 
the early fifties. They transferred bacteria 
from a nutrient medium that contained their 
favorite food, glucose, to another medium 
containing only lactose. Immediately, their 
growth was stopped, as the bacteria did not 
have enough of the enzymes required to break 
down lactose. After about 20 min of standstill, 
they began to grow furiously again, having 
now the right enzymes for lactose degradation. 


This phenomenon had already been known 
since the 1930s and was known as induc- 
tion. It was then assumed that there were 
two categories of enzymes—constitutive 
and inducible enzymes. The constitutive 
enzymes were the essential metabolic en- 
zymes, indispensable for the formation and 
survival of a cell and produced at an approx- 
imately steady rate. Inducible enzymes are 
only produced when required. Their pro- 
duction depends on the presence of certain 
inducing compounds. These enable a cell to 
adapt to varying environmental conditions. 
The concentration of these enzymes in cells 
varies greatly. 


In the aforementioned experiment, the addi- 
tion of lactose induced the production of 
three lactose-degrading enzymes. Previous 
experiments had established that these three 
enzymes were coded by three genes that lay 
next to each other in the DNA. 


How is it possible that a simple compound 
such as lactose can switch on the complex 
genetic apparatus of a bacterial cell? 
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Fig. 4.9 The Lac induction process 
(top, A and B). Molecular structure of 
the three lactose-degrading enzymes 
(bottom, C-E). B-Galactosidase 
catalyzes the breakdown of lactose to 


simple sugars— glucose and galactose. 


The second enzyme is galactoside 
acetyltransferase, and the third is 
lactose permease, a protein in the 
bacterial membrane that transports 
lactose into the cell. 
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Box 4.1 Biotech History: 
Aspergillus niger—The End of the 
Italian Monopoly 


The commercial production of citric acid began 
under John (1842-1880) and Edmund Sturge 
(1808-1893) in Selby, England, in 1826. The 
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Fig. 4.10 Cytochrome P-450, here from the 
camphor-degrading bacterium Pseudomonas 
putida. The enzyme detoxifies foreign 
substances by inserting molecular oxygen. 
Some compounds such as benzopyrene and 
aflatoxins, however, are “toxified,” as the 
epoxide (arrow) of aflatoxin (center) binds 

to DNA, causing mutations and cancer. Thus, 
benzopyrene is toxified by P450. 
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starting material was the juice of imported Italian 
citrus fruit (lemons and limes), from which 
calcium citrate was obtained. This was then 
easily converted into citric acid. 


Within a very short time, Italy had a monopoly 
on the production of citrus fruit, and prices rose. 
During the World War I, however, Italy neglected 
its citrus plantations, and the citric acid price 
soared to dizzying heights as a consequence. The 
importing countries began to look for cheaper 
alternatives. 


In 1917, John Currie published an article in the 
Journal of Biological Chemistry that was to end 
Italy’s long-held monopoly within a few years. The 
article dealt with a particular metabolic activity of 
the fungus A. niger. Currie had discovered that it 
produces far more citric acid than other fungi and 
was studying the conditions under which its yields 
were highest. 


With the help of John Currie, the Pfizer 
corporation in New York began the first large- 
scale production of citric acid in 1923, with 
subsidiary plants in Germany, Czechoslovakia, 
the United Kingdom, and Belgium. 


At this point, Monod's clear idea of allostery, 
connected to the unsolved problem of induc- 
tion, suggested an ingenious solution: The in- 
ducer must bind to an allosteric protein 
that blocks the genes for lactose-degrading 
enzymes. Through the binding process, the al- 
losteric repressor protein would undergo spa- 
tial deformation. This would make it inactive 
and cause it to detach from DNA. This idea 
proved to be a viable concept, although Jacob 
and Monod never succeeded in experimen- 
tally detecting a repressor protein. 


It was not until 1967 that Walter Gilbert 
(b. 1932, see Chapter 3) and Benno Müller- 
Hill (1933-2018) were able to isolate and pu- 
rify the repressor protein of lactose-degrading 
enzymes. Only a few repressor molecules were 
found in each cell. Thus, Jacob and Monod's 
hypothesis was experimentally confirmed 
2 years after they had been awarded the Nobel 
Prize. 


The induction process through lactose in 
bacteria is shown in Figs. 4.7 and 4.0. 


The repressor is a tetramer consisting of four 
identical subunits (Fig. 4.7). It binds stably 
to a specific region of the bacterial DNA, the 
operator, which lies right next to the region 
coding the three lactose-degrading enzymes. 


Aspergillus was cultured on the surface of a liquid 
medium. Glucose, sucrose, and molasses from 
sugar beets were the starting substrates. 


One hundred years after its foundation, the 
English firm John & E. Sturge (Citric) Ltd., 
which was based in York (UK), adopted Currie's 
method and combined it with the traditional 
chemical production of calcium citrate from 
lemon juice. After the World War II, a new 
submerged culture was developed that was 
easier to control. 


In the 1960s and 1970s when the oil price was low, 
attempts were made to synthesize citric acid using 
yeasts ( Candida strains) from crude oil fractions, 

but once oil prices began to rise, it was rejected as 
uneconomical (see also Section 7.3). 


Nowadays, the previous biotechnological methods 
are being used again, with not only A. niger, but 
various yeasts as citric acid producers. 


With a world production of 2.1 million tons of 
citric acid in 2012, even with the best will in 
the world, it would not be possible to revert to 
production from citrus fruit unless one wanted 
to cover every square mile in Italy with lemon 
trees! 


When lactose and similar sugars bind to the 
repressor protein, it changes its shape and 
can no longer remain attached to the DNA. 
mRNA polymerase can now wander along 
the DNA to transcribe the genes, i.e., the en- 
zymes are going into their production phase. 
When lactose becomes scarce, the enzymes 
are no longer needed, and the lac repressor 
reassumes its original shape, blocking the 
DNA. 


Right next to the genes coding for the degrad- 
ing enzymes, there is a DNA region called an 
operator which serves as an on-and-off 
switch for the genes. It is blocked by the 
four subunits of the repressor protein, which 
exactly fits the DNA region. The repressor lit- 
erally bends the DNA to form a loop. Thus, 
the RNA polymerase is physically prohibited 
from starting the reading process. The three 
lactose-degrading enzymes cannot be read. 


When the inducer, in this case lactose, is 
present, it binds to the active allosteric re- 
pressor protein, changing its spatial structure. 
However, the substrate to be degraded is not 
always the inducer. In our case, it is allolac- 
tose, a modified compound that is formed 
at the beginning of the induction process and 
inactivates the repressor. 


The repressor, not fitting the operator any lon- 
ger, is repelled, the switch is released, and 
the DNA loop is straightened. 


Now RNA polymerase can spring into 
action (Fig. 4.9), transcribing the informa- 
tion for the three genes into a long mRNA 
sequence which is immediately read by the 
ribosomes. 


АП three enzymes are produced, one by one. 
The freshly produced enzymes speed up the 
uptake of lactose and its degradation, causing 
even more inducer molecules to enter the cell. 
Within a relatively short time, the bacterial 
cell has formed enough enzymes to be able to 
feed largely on lactose. When these adapted 
bacteria are then retransferred to a medium 
containing pure glucose, the inducer disap- 
pears from one moment to the next, and the 
repressor protein that had been inactivated by 
the inducer reassumes its active form, bind- 
ing to the operator and disrupting the mRNA 
polymerase. Thus, the synthesis of lactose- 
degrading enzymes comes to an end. The 
lactose-degrading enzymes still present in the 
cell become redundant and are broken down. 
To summarize—in the induction process, the 
inducer temporarily removes the inhibition 
of enzyme synthesis. This is called negative 
control. 


This mechanism allows the cell to use its 
resources efficiently as it would be highly 
uneconomical if a bacterium had to produce 
the thousands of enzymes it might need at a 
certain point in its life. 


There is another mechanism called repres- 
sion, which stops the further production of 
a compound when large amounts of the end 
product are already available. 


In higher organisms, the regulation of induc- 
tion and repression is more complicated 
than in bacteria, and its effects are slower 
and less dramatic. Not only nutrients but also 
the organism's own hormones or foreign com- 
pounds may act as inducers. 


In humans, the induction of liver enzyme 
production through a drug (the cytochrome 
P-450 system, Fig. 4.10) and alcohol (alcohol 
and acetaldehyde dehydrogenases, Chapter 1) 
is an example. It is well known that the regular 
intake of sleeping pills reduces their effective- 
ness in the long run because the cytochrome 
P-450 system is induced. The sleeping tablet 


is degraded into water-soluble compounds for 
detoxification. However, when the induced 
P-450 is brought into contact with o-pyrenes 
(from cigarettes, barbecued meat), it turns 
them into carcinogenic epoxides. This could 
be called a toxication process. 


A similar mechanism works in the case of 
aflatoxins. Obviously, the toxication effect 
depends on the previous induction of P-450 
(e.g., drug abuse). 


By contrast, the regular consumption of 
ethanol induces alcohol dehydrogenase and 
acetaldehyde dehydrogenase in the liver, 
which enhances alcohol tolerance at the po- 
tential price of damaging the liver. 


Bi 4.4 An Allosteric Molecular 
Computer — Glutamine Synthetase 


An organism must be able to react to a variety of 
nutrients and have the necessary enzymes ready. 
This is also true for bacteria that, unlike us, 
often have no choice in what they take in. 
They must take in the nutrients available wher- 
ever they are and mobilize the relevant enzymes. 


Glutamine synthetase (GS) is a key enzyme 
in the control of nitrogen in a cell (Fig. 4.11). 


L-Glutamine is an amino acid that serves not 
only as a protein building block but also as a 
delivery system for nitrogen to the enzymes 
that assemble DNA bases and amino acids. GS 
must therefore be carefully controlled. 


When nitrogen is needed, it must be switched 
on so as not to starve the cell. When sufficient 
nitrogen is available, it must be switched off to 
prevent "overeating." 


GS functions like a molecular computer, 
recording the availability of nitrogen-rich mol- 
ecules—amino acids such as glycine, alanine, 
histidine, and tryptophan, as well as the nu- 
cleotides adenosine monophosphate (AMP) 
and cytidine phosphate (CTP). Any surplus of 
these is registered by GS, and the production 
is reduced accordingly. If there is a dramatic 
surge in nitrogen-rich products, the end prod- 
ucts slow down GS. Eventually, when enough 
of all compounds have been produced, the en- 
zyme activity grinds to a halt. 


The basis on which GS works is called cumu- 
lative feedback. There are eight end prod- 
ucts, each of which has an inhibiting effect on 
the enzyme. Their effect is additive, i.e., each 
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Fig. 4.11 Glutamine synthetase consists of 12 
subunits, each of which features an active center 
for the production of glutamine. Glutamate 

and ammonia bind to the subunits and energy 

is provided by an ATP molecule. All subunits 
communicate among each other. When the 
concentration of a relevant compound rises, the 
total activity is reduced accordingly. It is also 
possible for the cell to shut down the enzyme 
completely from one moment to the next. This 
happens if certain amino acids, AMP, or CTP bind to 
the active sites and reduce their activity. 
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Box 4.2 Biotech History: 
Boyd Woodruff and the Second 
Important Antibiotic 


A course in soil microbiology, taught by Prof. 
Selman A. Waksman (1888-1973) became 
the turning point in H. Boyd Woodruff’s life. 
He writes in his memoirs about his life with 
soil microbes. Here is a drastically shortened 
excerpt authorized by him; it starts at this 
turning point (the author.). 


Boyd Woodruff and his teacher Selman A. 
Waksman (1888-1973) in the laboratory in 1940. 


“For the first time I realized the unity of 
biology and chemistry, that each biological 
observation has an underlying chemical 
cause, that in unraveling the latter, one could 
understand the other. 


Graduation from Rutgers in 1939 brought me 
to the first great decision point in my life, the 
choice of a graduate career. All preparation 

had been for chemistry. Letters were written 
soliciting graduate school appointments. I was 
not prepared for and did not expect an offer 
received from Dr. Waksman to join his student 
group on a University fellowship permitting 
full-time research at the then unusual stipend 

of $900 a year, fully 20% more than fellowships 
available elsewhere, without the need to 
perform time-requiring teaching assistantship 
duties. 


Still, the decision was difficult. Should I stay at 
Rutgers? Should I leave chemistry for biology? 
Dr. Jacob Lipman (1874—1939), Dean of 

the Agricultural School and the directors of 
various departments were consulted and all 
pointed to Dr. Waksman’s chemical approach to 
microbiology. Had he not been author of a book 
entitled Enzymes? It was recommended that 

I examine his publications to see the extent to 
which chemistry was utilized. I was convinced 
and decided to stay. The die was cast. 


With the enormous financial support for research 
presently enjoyed by American universities and 
the well-equipped and staffed laboratories, it is 
difficult to remember the privations existing in 
the 1940s. It may be difficult also to recognize 
my good fortune at the time in joining the soil 
microbiology laboratory at Rutgers. 
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Dr. Waksman was able to spend half of each 
day working in the laboratory. As his laboratory 
assistant, I learned directly by example and 

by discussion. The other member of the 
departmental staff was Dr. Robert Starkey. 
He also worked in the same laboratory. 

His influence, the enthusiasm with which 

he attacked each research endeavor, his 
willingness to spend hours in explanation, to 
teach on a one-to-one basis, and the effort he 
gave to planning group experimentation, all 
must be considered as having a major influence 
on my development as a scientist. 


I deserved the envy of my associates. Who 
else could report that their entire graduate 
study program was spent working at the 
same laboratory bench with two senior 
scientists, one a future Nobel Prize winner, 
and both later to serve terms as President 
of the American Society for Microbiology? 
After my brief probes into soil microbiology, 
Dr. Waksman appeared in the laboratory for 
1 day. He was highly agitated. ‘Woodruff,’ 
he said, ‘drop everything. See what these 
Englishmen have discovered a mold can do. 
I know the actinomycetes will do better!’ 


He had just learned of the extension of 
Fleming's work on penicillin in Florey's 
Oxford University laboratory, proving its 
chemotherapeutic potential. 


Thus was initiated the first search in 
Waksman's laboratory for antibiotics from 
actinomycetes. The work was quickly 
successful. At first, the experience was 

gained reisolating the old bacterial product 
pyocyanase, but soon we had actinomycin, a 
new product to study and evaluate. 


Fortunately, actinomycin was easy to produce 
and extract, was sufficiently stable to be 
studied chemically, and was so highly active 
that we could dream of practical applications. 
But all our dreams were defeated by toxicity. 


It was not until much later that the usefulness 
of actinomycins in the treatment of rare forms 
of cancer was recognized. 


Actinomycin did, however, provide my first 
introduction to Merck & Co., Inc., the 

place of my eventual employment. Merck 
microbiologist Dr. Jack Stokes, a former 
Waksman student, offered to provide facilities 
for the large-scale production of actinomycin. 
The hundreds of flasks incubated at Merck 
were inoculated directly by Waksman himself. 

I served as assistant and general handyman. 
Merck chemist Dr. Max Tishler (1906-1989), 
later to become president of the Merck Sharp & 
Dohme Research Laboratories, joined with 

Dr. Waksman in bringing actinomycin to the final 
state of purity and investigating its structure. 


As a result of the early successes, incoming 
graduate students were assigned to antibiotic 
research. Many were engaged in screening. 
A culture isolated by Dr. Walter Kocholaty 
(1901-1987) was assigned to me for 

further research and from it was isolated 
streptothricin, the first of the basic 
water-soluble antibiotics. 


No facilities for animal study existed in the 

soil microbiology department, but they were 
available in the dairy department under 

Dr. H.J. Metzger, who was studying 
contagious abortion, caused by Brucella abortus, 
in laboratory animals. The disease still was 

a serious human infection at that time. Our 
streptothricin concentrate was tested for toxicity 
and proven safe and then was shown to produce 
significant cure of experimental infections.” 


In his memoirs, H. Boyd Woodruff gives a 
humble understatement of his contribution. 

To be fair, I cite here The American Chemical 
Society about Woodruff’s pioneering work (RR): 


The first agent isolated by Boyd Woodruff 
in 1940 under the initial screening 
program was Actinomycin. 


D-Actinomycin 


Woodruff demonstrated that the 
methodology would yield antibiotic- 
producing cultures. Actinomycin was 
active against a broad range of bacteria 
and even showed promise for attacking 
a tuberculosis strain, but it proved too 
toxic for therapeutic use in humans. 
Two years later, Woodruff isolated 
streptothricin, an antibiotic which was 
active against both Gram-positive and 
Gram-negative bacteria. The researchers 
were initially excited about streptothricin 
because, as Waksman said in his Nobel 
acceptance speech, it “gave promise of 
filling the gap left by penicillin in the 
treatment of infectious diseases due to 
Gram-negative bacteria.” In addition to 
being active against Gram-positive and 
Gram-negative bacteria, initial tests of 
streptothricin showed that it was not toxic 
to animals. However, pharmacological 
studies demonstrated that streptothricin 
had a delayed toxic effect in animals and 
thus could not be used for therapeutic 
purposes in humans. The partial success 
of streptothricin indicated that Waksman 
and his students were on the right track. 


Boyd Woodruff again: “The excitement 

in our group was intense. From that time 

on Dr. Waksman’s department specialized 

in antibiotics. The advantage of variety in 
research experience was lost to its students. 
We talked of antibacterial substances, nothing 
else. There was much debate whether the 
substances were natural soil products or 
products of artificial culture conditions. At one 
lunchtime discussion, Dr. Waksman coined 
the word antibiotic and stated its definition. 
The word entered the scientific vocabulary.” 


What happened after that? 


A couple of years later, in 1944, Waksman, 
with Albert Schatz (1920-2005) and 
Elizabeth Gregory (Bugle, 1920-2001) 
isolated the first aminoglycoside, 
streptomycin, from Streptomyces griseus. 


The Merck Company immediately started 
manufacturing streptomycin with the help of 
Woodruff. Waksman sent Woodruff to Merck 
to help with the project, and after finishing 
his thesis, Woodruff continued working there. 
Simultaneously, studies at the Mayo Clinic 
confirmed streptomycin’s efficacy against 
tuberculosis in guinea pigs and its relatively 
low toxicity. On November 20, 1944, doctors 
administered streptomycin for the first time 
to a seriously ill tuberculosis patient and 
observed a rapid, impressive recovery. 


Merck had just developed streptomycin 

and moved it into the marketplace when 

the company stumbled upon another great 
discovery. At the time, doctors treated patients 


with pernicious anemia by injecting them 
with liver extracts, which contained a factor 


required for curing and controlling the disease. 


When patients stopped receiving injections, 
the disease redeveloped. The Merck chemists 
had been working on isolating what was 
called the pernicious anemia factor from liver 
extracts, and they decided to look at the 
cultures grown by Boyd Woodruff and other 
microbiologists at Merck, to see if one of the 
cultures might produce the pernicious anemia 
factor. They found a strain of S. griseus similar 
to the streptomycin-producing strain that 
made the pernicious anemia factor. The factor 
turned out to be a vitamin, and it was later 
named vitamin By. 


Streptomyces 


Merck struck gold three times in a row. As Boyd 
Woodruff describes the period, “We jumped 
from penicillin to streptomycin to vitamin Bj». 
We got them 1-2-3, bang-bang-bang!" 


Epilogue 


Boyd Woodruff concludes his review: 
“Like Ulysses, the final return from my 
odyssey is now in sight and seemingly my 
ship speeds more rapidly as home approaches, 
but also like Ulysses when home is reached, 
life will not be at an end. Opportunities 

for creative activities will continue. It is 

soil microbiology that I see today as a great 
challenge, as the area where industrial or 
academic laboratories are not required. Thus, 
this odyssey has brought me from an initial 
introduction (in Waksman’s department 

at Rutgers University) to problems in soil 
microbiology, to the many opportunities 
available in applied industrial research at 


Wuite BIOTECHNOLOGY 


Merck & Co., Inc., returning again at this 
later stage to soil microbiology as a fertile, 
largely uncharted field. 


Starting in the ancient buildings on the banks 
of the Raritan, where I first became aware 
that the soil is not simply dirt but a teeming 
mass of microbial life, who could have 
envisioned the challenges, the frustrations, 
the thrill of accomplishments that have been 
the lot of this industrial microbiologist.” 


In a letter to me (RR) Boyd Woodruff 
wrote: At the time of retirement at age 65, 

I decided I would like to continue research in 
my own laboratory, so formally established a 
new company, Soil Microbiology Associates, 
which in fact consisted of my wife and 
myself. 


I constructed a laboratory in the basement 
of our home in Watchung. My objective 

was to continue a cooperative program I 

had established at the University of Western 
Australia, hopefully obtaining unusual 
actinomycetes from heavily stressed soils. 
We undertook extensive travels worldwide, 
carrying necessary equipment with us for 
plating soils, then carried the inoculated 
plates home with us for incubation and for 
isolating as many morphologically distinct 
actinomycetes as possible from the soils, 
sending them to Boehringer Mannheim in 
Germany, to Merck in the United States and 
to the Kitasato Institute in Japan for entry into 
screens they had available. The second paper, 
Natural Products From Microorganisms 

An Odyssey Revised, covers 17 years of 

my retirement period and emphasizes the 
relatively large number of new natural 
products discovered, with structures 
established, obtained from the approximately 
5,000 cultures isolated. 


Boyd Woodruff (1917-2017) 
Cited Literature: 


Woodruff HB (1981) A soil microbiologist’s 
Odyssey. Ann. Rev. Microbiol. 35:1-28. 
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Fig. 4.12 The catabolite activator protein 
CAP facilitates the work of RNA polymerase 
by “fishing” for genes. When cAMP (top of 
the diagram, ruby dot in light blue section) 
binds to it, CAP changes its conformation 
slightly to bind perfectly to the relevant 
operator of the DNA, right next to the gene 
of a degrading enzyme. CAP has an iron grip 
on the DNA, bending it by nearly 90 degrees. 
Then it “lures” RNA polymerase toward the 
DNA, thus stimulating the transcription of 
neighboring genes. The RNA polymerase 
(yellow) carries a small subunit that interacts 
with CAP and DNA —similar to a fishing rod. 
The lower diagram shows how one half of 
the polymerase subunit binds to DNA (red) 
and CAP (purple). Both halves of the subunit 
are connected by a flexible linker. Thus, RNA 
polymerase is able to "fish" actively for the 
desired genes. 


Fig. 4.13 Citric acid. 
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of these inhibitors can add to the overall activ- 
ity inhibition, even if all the other inhibitors 
have already been bound to saturation level. 


The amino acid glutamine is an important nu- 
trient in animal cell cultures. It is also often 
added to sports drinks because it provides en- 
ergy. Glutamine and arginine are also popular 
with bodybuilders. 


E 4.5 Catabolite Repression or 
Fishing for Polymerase 


Bacteria love sweet things, especially glu- 
cose, which is easily digested and converted 
into chemical energy. Where glucose is abun- 
dant, bacteria usually ignore other sources of 
carbohydrates. 


Bacteria use an unusual modification of ATP to 
let the cell system know what they are ingest- 
ing at any given time. When glucose levels fall, 
a membrane-bound enzyme is activated as a glu- 
cose sensor—adenylate cyclase. It cleaves two 
phosphate residues off ATP and binds the free ends 
to a small molecule, cyclic AMP (cAMP). Cyclic 
AMP has also been called a second messenger. 


The reactions that convert fuel into energy 
are called catabolic reactions or catabolism. 
The reverse, an energy-consuming reaction, is 
called anabolism. 


The catabolite activator protein (CAP, 
Fig. 4.12) is activated by cAMP and then ac- 
tivates and stimulates enzymes that degrade 
nonglucose nutrients. The binding of cAMP 
causes a slight change in the CAP conforma- 
tion (induced fit) so that it perfectly fits the 
relevant operator in the DNA, right next to 
the gene for the degrading enzyme. The figure 
shows how RNA polymerase actively fishes 
out the relevant genes. 


In А. coli, there are numerous binding sites 
for CAPs that attach to promoters for multiple 
catabolic enzymes. As long as Æ. coli grows 
on glucose, cAMP concentration remains low, 
and hardly any other sugar-degrading enzymes 
are produced, as it would be a waste to syn- 
thesize them. Only a lack of glucose and the 
presence of other sugars will cause the cell to 
switch over its enzyme production. 


In contrast to the negative lactose induction 
process, catabolite repression is a positive 
control mechanism. The cAMP/CAP com- 
plex enhances the reading of DNA by poly- 
merase 50-fold. 


At the lac operon, the gene expression of lactose 
degradation and transport enzymes is strongest 
when lactose or allolactose removes the lac re- 
pressor inhibition while the CAP/cAMP com- 
plex stimulates the binding of RNA polymerase. 


E 4.6 Mold Replacing Lemons 


It was the German Chemistry genius Justus 
von Liebig (1803-1873), (Chapter 1) who 
identified the structure of citric acid in 1838, 
and in 1893, microbiologist Carl Wehmer 
(1858-1935) at the University of Hannover ob- 
served that fungi growing on sugar secreted cit- 
ric acid (structure in Fig. 4.13) into the medium. 


As the demand for citric acid rose after World 
War I, citric acid production from microbes of- 
fered a viable alternative to its labor-intensive 
isolation from expensive imported citrus 
fruit (Box 4.1). 


An intense search for the most productive 
mold fungus began, and the crown went 
to Aspergillus niger, the bread mold 
(Figs. 4.14 and 1.9). 


It was soon found that the fungus’ productivity 
largely depends on the proton (H*) content, 
i.e., the acidity (the pH value is the negative 
logarithm to base 10 of the proton concentra- 
tion) of the nutrient medium. 


A very acidic medium enhances the citric 
acid production of A. niger. 


A further increase in production can be 
achieved by reducing the number of free iron 
ions in the nutrient medium to 0.5 mg/L. It 
is thought that a low pH and a lack of iron 
inhibit the citric acid-degrading enzyme aco- 
nitase, and citric acid is not broken down as a 
consequence. It is also thought that the higher 
proton content in the medium causes changes 
in the membrane structure of the fungal cells 
that facilitate the secretion of citric acid. 


A low pH has the added effect of inhibiting 
the growth of unwanted microbes during the 
ermentation process. Bacteria hate acidity. 


The iron ions are bound by adding potassium 
errocyanide to the fermenting solution, re- 
sulting in the poorly soluble Prussian Blue, or 
erric ferrocyanide. Blue is also the color of res- 
idues in citric acid production plants. 


In the 1920s, the successful industrial pro- 
duction of citric acid devastated many small 
farmers in Italy whose livelihood depended 


on lemon plantations—an early example of 
collateral damage caused by the biotech 
industry (Box 4.1). 


Nowadays, stirring reactors or reactor towers 
of 130-650 cubic yards (100—500 m?) capacity 
turn 85% of raw material into citric acid. As the 
harvested solution is very acidic, it must be kept 
in anticorrosive steel tanks. Microbiologically 
produced citric acid is chemically identical 
to citric acid obtained from lemons and is 
used for flavoring sweets, lemonade, and other 
foods. Citric acid is also under consideration as 
an alternative to environmentally harmful poly- 
phosphates in detergents because it forms 
calcium and magnesium complexes. Citric 
acid is also used as an emergency treatment for 
heavy-metal poisoning because of its ability 
to bind heavy metals. Because of its carboxyl 
groups, citric acid chelates (entraps) metals in 
an acidic environment. 


The worldwide yearly production of citric acid 
amounts to approximately 2 million metric 
tons. The industrial Aspergillus strains are 
among the most coveted and guarded posses- 
sions in the fermentation industry. The poten- 
tial of cells as synthetic production plants for a 
wide range of products, including production 
methods and applications, has been discussed 
in more detail in other parts of this book (see 
Chapters 1 and 2). We are now looking at the 
direct connection that exists between the cit- 
ric acid cycle and the synthesis of amino acids. 


Bi 4.7 Overproduction of Lysine— 
How Mutants Outwit the Feedback 
Inhibition of Aspartate Kinase 


Lysine is one of the nine essential amino 
acids (Figs. 4.15 and 4.16; structures Fig. 4.17) 
that humans and many domestic animals are 
unable to synthesize. It must be taken up 
with food, just as phenylalanine (Phe), isoleu- 
cine (Ile), tryptophan (Trp), methionine (Met), 
leucine (Leu), valine (Val), and threonine (Thr) 
must be (see mnemonic aid in Fig. 4.171). 


Alongside methionine and threonine, lysine is 
one of those amino acids that are only found 
in small quantities in grain (wheat, corn, and 
rice), making it an important additive to ani- 
mal feed. This is where most of the microbial 
lysine produced goes. Lysine is also produced 
for human consumption (Box 4.4). 


L-Lysine is obtained from Corynebacterium 
strains (Fig. 4.21, for history, see Box 4.4)— 


cudgel-shaped (Greek koryne, cudgel) bacte- 
ria. In order to produce the amino acid lysine 
in Corynebacterium glutamicum, enzyme 
feedback inhibition had to be overcome. 


In wild-type strains, lysine is produced from 
oxalacetate in the citric acid cycle, using py- 
ruvate and following an enzymatic reaction 
pathway via aspartate. The starting point is 
the allosteric pacemaker enzyme aspartate 
kinase (Fig. 4.19). The enzymatic reac- 
tions are controlled by feedback inhibition. 
Aspartate kinase activity is inhibited by ex- 
cessive amounts of lysine and threonine. Both 
must bind to aspartate kinase to slow down 
its production. 


When more lysine and threonine are pro- 
duced than needed, the cell inhibits aspartate 
kinase, and conversely, when there is a lack 
of lysine and threonine, it encourages their 
synthesis. This makes sense in nature but can 
be rather annoying if you are after an over- 
production of lysine. There is little hope of 
making the bacterium produce large amounts 
of lysine unless it is possible to outwit the 
regulation mechanism by switching off the 
allosteric controls. 


The search was on for defective mutants of 
the bacteria, and two of them were eventu- 
ally found. One of them lacked threonine for- 
mation (thr-) (Fig. 4.19) because the enzyme 
homoserine dehydrogenase had been inac- 
tivated by spontaneous mutation. The affected 
cell could no longer produce threonine, one 
of the two inhibitors of aspartate kinase. This 
mutant is grown in a medium containing just 
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Fig. 4.14 Aspergillus niger, the 
fungus that made lemons obsolete. 


Fig. 4.15 Lysine is crucial as an essential 
amino acid in animal feed. 


Fig. 4.16 Interrelations between 
metabolome, genome, transcriptome, 
and proteome. The metabolome 
comprises all characteristic metabolic 
properties of a cell or a tissue. 
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Box 4.3 The Expert's View: 
High-Grade Cysteine No Longer 
Has to Be Extracted From Hair 


Cysteine is a sulfur-containing amino acid 
that is unique because of its chemically very 
reactive sulfhydryl group. 


Building disulfide bridges contributes to the 
stability of proteins. Therefore, it enables 
the formation of strong fiber strands such as 
hair, wool, and feathers, as well as horns, 
hooves, and nails, all of which are made of 


proteins containing large amounts of cysteine. 


Cysteine is used by bakers to break up the 
gluten in flour, thus reducing its stickiness 
and facilitating the kneading of the dough. 
Due to their high reactivity, cysteine and 

its derivates such as acetylcysteine are also 
used in expectorants (cough mixtures). 
Acetylcysteine breaks up the mucoproteins in 
the bronchia, liquefying the mucus. 


Mao-jai, the kitten, can’ t get enough of the 
cysteine used in perms and shouts “Yummy!” 


Japanese hairdressers use cysteine in 
preparation for a perm rather than the 
pungent thioglycolic acid mostly used in 
Europe. 


Somewhat surprisingly, given the versatility 
of cysteine, until very recently it has been 

one of the few amino acids that could 

only be extracted from animal and human 
material—hair, feathers, bristles, or 
hooves. Extracting cysteine has become a big 
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business in Asia. In China’s hair salons, tens 

of thousands of tons of hair are swept up by 
professional collectors and delivered to cysteine 
manufacturers, who then extract cysteine 
using activated charcoal and concentrated 
hydrochloric acid. One ton of hair yields 
100kg (approximately 220 lbs) of cysteine. 


As the global pharmaceutical, cosmetic, and 
food industries are currently using about 
4,000 tons of cysteine per year, and the 
demand is rising at an annual rate of 4%, 
huge quantities of raw materials are required 
to meet the demand. Being able to produce 
cysteine on an industrial scale would be 

very welcome indeed, not only in terms of 
efficiency but also for environmental reasons. 
However, an even more powerful drive to 
find an alternative to the traditional extraction 
process is the pharmaceutical industry’s need 
for raw material guaranteed to be free from 
contaminants such as BSE, SARS, or avian 
flu. These materials are now obtained by 
biotechnological means alone. 


—9 a 


The author at his Chinese barbershop: If you 
know what the hair is used for, you can look at 
yourself as a source of raw material—strange 
feeling! Like a sheep... 


Through targeted mutagenesis and selection, 
researchers at Wacker Fine Chemicals 
were able to switch off regulatory proteins in 
E. coli, which would normally close down 
cysteine production at saturation point. 
Bacteria in which these proteins have been 
switched off keep on producing cysteine, 
secreting it through their cell membranes into 
a medium in fermentation vessels holding 
50,0001 (over 13,000 gal). 


There are several advantages to this 
biotechnological approach. It is highly 
efficient, as 90% of cysteine ends up in the 
final product, compared to only 60% when 


extracted from hair. The extraction process 
also uses far less hydrochloric acid—just 

1 kg/kg of extracted cysteine. Extracting 
that same amount of cysteine from hair uses 
27 kg of hydrochloric acid. The use of sugar, 
salts, and trace elements as raw material 
avoids contamination of the end product by 
pathogens and other unwanted material. 


ү 


Bioreactor containing cysteine-producing E. coli. 


The product contains 98.5% of pure cysteine 
which fulfills all the food and pharmaceutical 
quality standards. It is also fit for use in 
vegetarian food to produce an artificial meat 
flavor. When cysteine binds to a sugar such as 
ribose, meat-like aromatic compounds develop 
during the heating process. This imitation of 
natural processes occurs, e.g., when frying a 
chicken (i.e., the Maillard reaction). The cysteine 
present in the meat reacts with the sugar to form 
characteristic aromatic compounds. 


In 2004, 500 tons of cysteine—an eighth of 
global demand—had already been produced 
by this biotechnological method. The annual 
growth rate of biotechnologically produced 
cysteine is over 10%. Demand, however, 
slowed down more recently. The production 
of L-cysteine increased from 12,187 metric 
tons in 2011 to 14,066 metric tons in 2015, 
with an average growth rate of 3.72%. 


However, this will not put Asian hair 
collectors out of work straightaway. Several 
thousand tons of cysteine will still be 
extracted in the conventional way every year, 
but there will be a shift in market shares. 
Customers for whom a low price rather than 
the origin of the product is a consideration 
will continue to buy it—e.g., to enhance the 
various meat aromas in cat and dog food. 
These will probably be the longest-lasting 
markets for the conventional production of 
cysteine. 


Dr. Christoph 
Winterhalter was 

the project manager 
at WACKER FINE 
CHEMICALS for 

18 years and is now 
senior vice president 
for business 
development at AGC 
Biologics. 


enough threonine to maintain cell growth, but 
too little to interact with lysine to switch off 
aspartate kinase. As a result, lysine production 
continues unabated. 


The other useful mutant carries a mutation 
in the aspartate kinase gene itself. The 
enzyme has been slightly modified in its 
structure so that it remains functional, but 
it can no longer be inhibited by lysine, not 
even by a vast surplus. The production of ly- 
sine shows that the study of the enzyme 
reaction and the selection of suitable 
mutants are prerequisites for an eco- 
nomically efficient industrial production 
process. In 500 m? bioreactors, mutants of 
C. glutamicum and Brevibacterium flavum 
are currently responsible for the conversion 
of over a third of the sugar contained in 
the medium to lysine, achieving concentra- 
tions of 120g lysine per liter of the medium 
within 60h (Fig. 4.20). 


A specialist branch of gene technology 
called Metabolic Engineering is involved 
in developing industrially relevant strains. 
Alfred Pühler's (b. 1940) research group 
at the University of Bielefeld (Germany) 
and two major amino acid producers in 
Japan have deciphered the 3.3 megabase 
genome of Corynebacterium glutamicum 
(Fig. 4.21). 


Methionine is another essential amino acid 
With a particular role among amino acids, as 
animal organisms have the ability to convert 
p-methionine into L-methionine. This permits 
the synthetic production of methionine (from 
acrolein, methanethiol, and hydrogen cya- 
nide) as a racemate (р, mix) (see Section 4.9). 
As much as 600,000 tons of methionine are 
produced worldwide every year. 


Moreover, 30,000 metric tons of L-threonine 
per year have been synthesized mainly by 
high-performance mutants of E. coli—partly 
at concentrations of 80g/L in only 30h. 


With the price of all three amino acids hover- 
ing around $5,000 per ton, their market vol- 
ume is approximately 1 billion dollars. 


China in particular has an exponentially grow- 
ing amino acid industry. 


In the future, transgenic plants (see 
Chapter 7) containing higher proportions of 
essential amino acids might compete with 
amino acids produced by fermentation. 


E 4.8 .-Glutamate— 
*Levorotatory" Soup Seasoning in 
Abundance 


Alongside the four Western qualities of 
taste—bitter, sweet, sour, and salty—there 
is a fifth taste called umami. It has been de- 
scribed as "spicy," “meaty,” or “savory,” and 
was virtually unknown in Central Europe. 
Mediterranean cuisine, however, has always 
had a lot of tasty umami (Fig. 4.22). 


Three different compounds are responsible 
for the umami taste—monosodium glutamate 
(MSG), disodium inosinate (IMP), and disodi- 
umguanylate (GMP). Glutamate has a key role 
in this. 


As early as 1908, Japanese researcher Kikunae 
Ikeda (1864—1936) had identified the umami 
taste compound in kombu (Laminaria japon- 
ica), seaweed from the Pacific, as glutamate. 
The salt of -glutamic acid (r-glutamate) 
(Fig. 4.18) enhances the taste of soups and 
sauces considerably, as the human body has 
specific receptors for L-glutamate, but not for 
p-glutamate (Fig. 4.24). 


In the 1920s and to a certain extent still to- 
day, r-glutamate was obtained from wheat. 
The world's largest producer was the Japanese 
firm Ajinomoto Co. (aji-no-moto means "fla- 
vor enhancer" in Japanese). The demand for 
glutamate increased dramatically after World 
War II with the introduction of ready meals, 
gravy powder, and ready seasoning. 


In the early 1950s, the Japanese researcher 
Shukuo Kinoshita (1915-2011) from the 
Kyowa Hakko Kogyo Co. tested bacteria and 
found one that accumulated glutamate when 
growing on glucose (see Box 4.4). The bacte- 
rium—we have come across it as a source for 
ysine—was given the name C. glutamicum. 
Further glutamate-producing microorgan- 
isms, particularly from the Corynebacterium, 
Brevibacterium, Arthrobacter, and 
Microbacterium genera, were discovered later 
Box 4.3). 


The microbial production of glutamate, mainly 
in China and Japan, now exceeds 1.6 million 
tons and is worth over 1 billion dollars per 
year. 


The example of glutamate shows how the 
fundamental knowledge of metabolic enzyme 
reactions can be converted into production 
technology. Like most of the 20 amino acids 
required for protein synthesis, r-glutamate 
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Fig. 4.17 The nine essential amino acids 
(see also next page). 


Methionine (Met, M) 
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Fig. 4.17 (Continued) 


Lysine (Lys, K) 
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Phenylalanine (Phe, Р) 


Mnemonic for stressed-out students 
before an exam! 


I Like Him To Teach My Vets Lumbar 
Puncture: 


Ile Leu His Thr Trp Met Val Lys Phe 


Fig. 4.18 Glutamate (Glu,E). 
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originates from precursors produced from 
glucose degradation (glycolysis) and the citric 
acid cycle. 


For genetic reasons, the oxoglutarate de- 
hydrogenase in the citric acid cycle of 
C. glutamicum is not very active. As this is 
the enzyme responsible for the further con- 
version of 2-oxoglutarate in the citric acid 
cycle, 2-oxoglutarate accumulates as a result. 
Excessive amounts might accumulate were it 
not for glutamate dehydrogenase, another very 
active enzyme derived from the cell's citric 
acid cycle, which converts 2-oxoglutarate to L- 
glutamate by inserting ammonium ions (NH7). 


In order to produce large amounts of gluta- 
mate, a sufficient supply of ammonium ions 
must keep 2-oxoglutarate conversion going. 
Ammonia gas (NH3) is bubbled into the water 
where it is protonated into NH. 


How is the excess glutamate brought 
from inside the cell into the culture liq- 
uid? Having to destroy the cells first and then 
isolate glutamate from thousands of cell frag- 
ments would be very uneconomical. A way 
had to be found to make the living cells ex- 
crete glutamate into the medium. 


Here, a characteristic of the Corynebacterium 
strain comes in handy—it is unable to produce 
the cofactor biotin (a vitamin), which is es- 
sential for building cell walls. It relies therefore 
on the biotin supplied by the nutrient medium. 
In a medium (e.g., molasses) containing mini- 
mal amounts of biotin, cell growth is still pos- 
sible, but the cell walls become permeable for 
glutamate. Other ways of releasing glutamate 
include adding penicillin or using detergents. 


How much glutamate in a meal can humans 
tolerate? In Asia, it is said that bad cooks make 
up for their lack of skill by adding glutamate. 
Fairly recent double-blind studies about gluta- 
mate consumption and "Chinese restaurant 
syndrome" showed that non-Asian consum- 
ers often had strong pseudo-allergic reactions. 
This may hint at a psychological component of 
the problem. 


Another amino acid has become increasingly 
interesting for the pharmaceutical, cosmet- 
ics, and food industries. Up to 4,000 tons of 
L-cysteine are used worldwide every year 
(Box 4.3). 


So far, it has mainly come from hair, but the 
German firm Wacker Fine Chemicals has 
been producing it biotechnologically from 
E. coli (Box 4.3) Through targeted mutation 
and selection, the regulator proteins that 


normally slow down cysteine production in £. 
coli have been switched off. The mutant bacte- 
ria keep up conveyor belt-style cysteine produc- 
tion, secreting the surplus amino acid through 
the cell membrane into a nutrient medium in 
50,000L (over 13,000 gal) fermenter tanks. 


ш 4.9 Chemical Synthesis Versus 
Microbial Production 


Why do rglutamate and rlysine production 
rely on microorganisms? Could they not be pro- 
duced as cheaply through chemical synthesis? 


Actually, in Japan, glutamate was first chem- 
ically synthesized from acrylonitrile, using 
cobalt carbonyl catalysts in what is known 
as Strecker synthesis. Lysine was produced 
chemically from aminocaprolactam. The prod- 
ucts were mixtures (racemates) of two steric 
mirror images of glutamate or lysine atoms 
(Fig. 4.24). 


The two mirror images are distinguished by their 
optical dextro- or levorotation and are called ac- 
cordingly р- and L-forms. Chemical synthesis 
results in equal amounts of p- and L-forms, but 
only L-glutamate provides the desired taste. 


Our taste cells have receptors similar to those 
of enzymes in their active sites. These only 
recognize the spatial arrangement of their re- 
action partners, in about the same way as we 
Would notice if somebody gives us their right 
or left hand. 


As proteins are almost exclusively syn- 
thesized from L-amino acids, the synthetic 
apparatus of a cell is also exclusively laid out 
to produce r-amino acids. Incidentally, the 
opposite applies to sugars where only the 
D-forms are synthesized and recognized, 
e.g., p-p-glucose (dextrose). 


The underlying causes for these phenomena are 
as yet unclear. It is probably due to some co- 
incidence, and in theory, it would be perfectly 
possible to find organisms containing L-sugars 
and р-атіпо acids on some other planet. They 
might even look very similar. However, the two 
forms cannot be mixed, and rglucose or D- 
glutamate on such a planet would be of no nu- 
tritional value to us because our enzymes could 
not recognize and convert them. Conversely, 
we would not be attractive prey for the inhabi- 
tants of the other planet...Good! 


Lewis Carroll followed this line of thought 
in Through the Looking-Glass (1871): “How 
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Would you like to live in Looking-glass House, 
Kitty? I wonder if they'd give you milk in 
there? (Fig. 4.23). Perhaps Looking-glass milk 
isn't good to drink." It might be the right thing 
for a “Looking-glass cat?" 


Thus, the chemical synthesis of amino 
acids has an obvious major drawback—half 
the product would be tasteless and therefore 
useless p-glutamate, whereas Corynebacteria 
produce nothing but tasty L-glutamate. 


The same applies to lysine and thre- 
onine—only the r-forms are biologically 
active, and they make up 10076 of bacterial 
production. Microbial synthesis is always far 
superior to chemical synthesis when it comes 
to stereochemically complicated syntheses and 
conversions, involving chemically identical 
groups with differing spatial arrangements in 
a molecule. Additionally, enzymes can be used 
to actively separate synthetically produced р 
and L mixes (see Chapter 2, aminoacylases). 


The ability of microbes to perform such 
targeted syntheses and conversions is also 
utilized in the production of rascorbic acid 
(vitamin C). 


Bi 4.10 L-Ascorbic Acid 
Humans, primates, and—for some reason— 


guinea pigs are unable to synthesize vitamin C 
(Fig. 4.27) and must take it up with their food. 


Guinea pigs and chimpanzees could also con- 
tract scurvy because of a lack of the enzyme 
gulonolactone oxidase. 


From today's perspective, it seems bizarre that 
in 1900 the German emperor ordered his sail- 
ors to eat citric acid by the spoonful to avert 
scurvy. It had been observed that the vitamin 
contained in citrus fruit had prevented scurvy, 
but the emperor's orders only gave his sailors 
diarrhea. It was not known then that it was 
the ascorbic acid (vitamin C), not the cit- 
ric acid in lemons that protected from scurvy. 
Sauerkraut, however, proved to be healthy 
food—as long as it was not kept in cans with 
lead-soldered lids (see Box 4.10). 


In 1933, sensational news came from the 
basement labs of ETH Zurich—vitamin C or 
L-ascorbic acid had been successfully synthe- 
sized (Box 4.5)! 


атаке, 


Fig. 4.21 Corynebacterium glutamicum carries the 
number 13,032 in the American Type Culture Collection 
(ATCC). The circles representing the genome are 
coding regions. The bioreactors are also shown. 
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Corynebacterium glutamicum 


Fig. 4.19 Negative feedback during 

the synthesis of lysine in wild-type 
Corynebacterium (electron microscopic 
view, top) and two mutants. In the 

first mutant, the enzyme homoserine 
dehydrogenase has been inactivated. In the 
second mutant, aspartate kinase has been 
modified so that it cannot be inhibited even 
by excess production of lysine. 


Goethe — Advocating Bioreactors 
Before His Time? 


That is the property of matter: 

For what is natural the АП has place; 
What's artificial needs restricted space. 
J.W. Goethe "Faust. II" 


Fig. 4.20 Lysine production in gigantic 
bioreactors in Japan. 


141 


EN BIOTECHNOLOGY FOR BEGINNERS 


Box 4.4 Biotech History: 
Kinoshita and the Start of Japan’s 
Bioindustry 


The era of microbial amino acid 
production with Corynebacterium 
glutamicum and the scientific study 

of this organism began over 60 years 

ago with its discovery as a glutamate- 
secreting bacterium. This microorganism 
is today one of the most important 
organisms in biotechnology and is used 
to produce about 2 million tons of amino 
acids per year, of which more than 1 
million tons are accounted for by sodium 
glutamate, used as a flavor enhancer in 
the food industry, and more than 0.55 
million tons by L-lysine, employed as 

a feed additive. This market volume is 
constantly expanding. 


Shukuo Kinoshita (1915-2010). 


Shukuo Kinoshita was the pioneer of 
amino acid fermentation in Japan. I 
knew he was of advanced age but asked 
him for a contribution. I received the 
following friendly email (see box on the 
right). He died in 2010. (the author) 


How we started at Kyowa 


In 1956, we started a research program at 
Kyowa Hakko Kogyo Co., Ltd., Tokyo that 
was aimed at obtaining a microorganism that 
could accumulate glutamic acid extracellularly. 


Among many isolates, we found a colony 

that might be fit for the purpose. We named 
this isolate Micrococcus glutamicus No. 534. 
Further study revealed that this microorganism 
could accumulate glutamic acid at a limiting 
concentration of biotin present in the medium. 
This suggested that biotin must play a key 

role in the physiology of the cells and their 
glutamate-forming capability. By microscopic 
observation of cultures at various stages, 

we found that the cell form can change 
considerably. For this reason, and due to 
further taxonomical studies, we renamed the 
bacterium C. glutamicum. 
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Dear Prof. Dr. Reinhard Renneberg 


My name is Ms Yuko К. Aoki, the former secretary of Dr. Shukuo Kinoshita in Kyowa Hakko Kogyo 
Co. Ltd. I was asked by him to send his message to you as follows: 


First of all, I would like to express my thanks for your kind e-mail dated 16th November 2009. You 
kindly suggested me to write my story concerning the discovery of amino acid-producing bacterium, 
Corynebacterium glutamicum, in a BOX in the textbook (English Edition). However, I have been 
suffering from glaucoma for long time and almost lost my eyesight for these days. Therefore, I am 
very sorry for that I can not accept your kind proposal extended to me. 


As you know very well, I have endeavored to establish the industrial process of amino acid 
production by fermentation in Kyowa Hakko Kogyo Co. Ltd. since 1956. Owing to the big efforts 
of us and competitors, almost all amino acids can be produced by fermentative process at 
present. Our invention of industrial production of amino acids by fermentation process resulted 
in decreasing the manufacturing costs dramatically. Therefore, amino acids are widely used in 
various fields such as processed foods, pharmaceutical active ingredients, and animal feedstuff in 


these days. The fundamental principles of our process are the excellent combination of metabolic 
regulation and genetic modification of microorganisms. I believe that the development of industrial 
production of amino acids by fermentation is the most distinguished and successful topic of 


modern biotechnology flourished in 20th century. 


Furthermore, I think any other process to overwhelm the fermentative process will not appear in 
future. I am very proud of our accomplishment done by me and my colleagues. Two years ago, I 
contributed to the Handbook of Corynebacterium glutamicum, published by Taylor & Francis. In 
that book, I described how I found the amino acid-producing microorganisms and why amino acids 
industry flourished in Japan. I would like to express to you my deepest gratitude if you could write 


my comments mentioned above in your textbook. 


Thank you very much again and please give my best regards to Arny Demain. Sincerely yours, 


Shukuo Kinoshita Ph. 
D.1-6-1 Ohtemachi, Chiyoda-ku, 


Tokyo, 100-8185, Japan 


From mutational work on this organism, 
together with discoveries regarding key 
regulatory features, it was found that many 
amino acids such as lysine, arginine, ornithine, 
threonine, etc., could be accumulated. Most 
of these amino acids are now produced 
commercially. 


Amino acids produced by such a process are all 
in their natural L-form, and this gives microbial 
production a big advantage over chemical 
synthesis. Thus, a new industry called amino 
acid fermentation was born. 


The commercial production of amino acids up 
to the discovery of C. glutamicum had relied on 
the decomposition of natural protein and the 
isolation of its constituent amino acids. 


Our new process, on the contrary, Was a 
biosynthetic process using carbohydrate and 
ammonium ions. Therefore, our process can 
contribute to the amino acid supply, and also 
helps to increase the absolute amount of protein 
in the world. 


As the world population continues to increase 
year by year, so will the demand for amino 
acids and protein. After World War II, two 
new fermentation industries were born in 
Japan. These are the amino acid and nucleotide 
fermentation industries. 


Kikunae Ikeda (1864-1936) and the first Japanese 
glutamate products. 


The Historical Roots 


I would like to explain briefly why amino acid 
production was born in Japan, and to do so 

we have to go back to the year 1908. At that 
time Prof. Kikunae Ikeda (1864—1936) at the 


University of Tokyo found that MSG had a 
potent taste-enhancing power. He found this 
phenomenon through a careful examination 
of the decomposition products of kombu, 

a type of seaweed. During these studies he 
found a small crystal. This was glutamic 
acid, which he discovered had a sour taste. 
Then he added NaOH to a glutamic acid 
solution and tasted it again. Surprisingly, it 
had changed into a beautiful taste. This was 
the aim of his studies since he was searching 
for the potent essence of a flavor or taste 
enhancer. By adding only a few milligrams 
of MSG to various foods, their taste was 
noticeably improved. What a splendid 
achievement this was! 


Amino acid production in Kyowa Hakko' s 
Hofu plant. 


Here, we have to consider the original ideas 
that led him to conduct such research. His 
real intention was to improve nutrition and 
increase the short life expectancy of the 
Japanese population at that time. However, 
to provide large amounts of microbial 
proteins competitive with natural protein 
sources like soy or wheat protein was 
economically impossible. He thought it over, 
searching for a good idea to relieve 
malnutrition in Japan. He finally got the 
idea that even if the same food was eaten, 
its value might be increased if the taste is 
enhanced. In this sense, an improvement 

in taste might contribute to relieving 
malnutrition. Therefore, he began to search 
for the essence of good taste. Kombu had 
been traditionally used in Japanese food as 
a taste enhancer, so he believed it should 


contain the essence of flavor. This led to 

the discovery of MSG, whose commercial 
production was essential to making use of its 
aste-enhancing properties for the daily food 
of the Japanese. 
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Saburosuke Suzuki was the man who 
supported Prof. Ikeda's plans. Wheat gluten 
was chosen as the raw material to obtain 
MSG. But this task was very difficult. 


Concentrated НСІ must be used for 
decomposition of gluten, but no anticorrosive 
vessels were available in those days. So, clay 
pots were used, but they were fragile and 
their use was very dangerous. Moreover, the 
gas from НСІ caused serious damage to the 
health of the residents living near the factory. 
He had to face an onslaught of accusations 
and complaints. Consequently, he had to 
move his factory to a remote location. His 
struggle to produce MSG continued for 

10 years before he finally became confident of 
commercial success. Once MSG appeared on 
the market, its miraculous power conquered 
the food market and it became an essential 
food additive. Mr Suzuki’s company is now 
known as Ajinomoto Co., Inc. 


Our Motivation: To Feed the Hungry 
After the Terrible War... 


After World War II, Dr. Benzaburo Kato set 
up Kyowa Hakko Co., Inc. in 1945. Because 
of the shortage of food, the Japanese suffered 
great hunger. Everywhere malnourished 
patients were seen. Dr. Kato was deeply 
Worried about this situation and thought of 
an idea for relieving the miserable situation 
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by supplying plenty of protein as food. To 
implement his idea, he asked me to establish 
a commercial process that could supply food 
protein through a fermentation process. 


“To produce food protein by a 
fermentative process?” 


I could not believe my ears. I was deeply 
impressed by his sincere desire to relieve 
malnutrition in Japan, but it was impossible 

to produce protein in a price range that was 
competitive with natural proteins. If protein 
production was not feasible, then how about 
amino acids? Their nutritive value is very 
similar, so my judgment was that an attempt 
to produce amino acids may not be the wrong 
choice. Thus, our challenging program started 
and was finally successful as described above. 


Bioreactors for amino acid production in Japan. 


This is the background of the birth of 

the amino acid industry in Japan. As was 
shown, Dr. Ikeda’s and Dr. Kato’s original 
motivation was the same: relieving the 
malnutrition of the Japanese people. 


It is interesting to note that the answer to this 
problem comes out as two entirely opposite 
processes, one decomposition and the other 
biosynthesis. 


ag 


Shukuo Kinoshita (in 2007). 
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Fig. 4.22 In “You Only Live Twice,” 
James Bond (Sean Connery) posed 
as a businessman in order to find a 
super-secret rocket developing plant. 
In order to distract the boss ofa 
Japanese gang from his world rescue 
mission, he cunningly spelled out 
“mo-no-so-di-um-glu-ta-ma-te.” 


Fig. 4.23 /n his book “Through the Looking 
Glass and What Alice Found There,” 
published in 1871, Lewis Carroll describes 
how Alice passes through a mirror and 
enters a mirrored world. “Now, if you’ ll only 
attend, Kitty, and not talk so much, P ll tell 


you all my ideas about Looking-glass House. 


First, there’ s the room you can see through 
the glass—that' s just the same as our 
drawing room, only the things go the other 


way... How would you like to live in Looking- 


glass House, Kitty? | wonder if they' d give 
you milk in there? Perhaps Looking-glass 
milk isn' t good to drink." 


Fig. 4.24 (Right) Configuration of the right- 
rotating (о, dextrorotatory) and left-rotating 
(1, levorotatory) form of a compound. They 
are like mirror images of each other or like 
the right and the left hand. 
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Polish-born Tadeusz Reichstein (1897— 
1996) chemically degraded glucose in more 
than 10 intermediate steps. The resulting xy- 
lose was then converted into vitamin C, using 
hydrogen cyanide. 


Unfortunately, this method proved to be far 
too complex for mass production and only re- 
sulted in a small yield. After all, it is vitamin C 
humans need in larger quantities than other 
vitamins—about 100 mg/day. 


Reichstein and his young colleagues Andreas 
Griissner and Rupert Oppenauer, there- 
fore, decided in 1933 to explore an alterna- 
tive route. They wanted to produce sorbose 
as an intermediate product by reducing 
glucose with hydrogen and a catalyst un- 
der pressure, resulting in a 100% yield of 
sorbitol. 


However, oxidizing sorbitol to produce the 
vitamin C precursor sorbose proved to be 
very complicated, but somebody else, the 
French chemist Gabriel Bertrand (1867— 
1962, Box 4.5), had already described the 
next step in 1896. The acetic acid-producing 
bacterium Acetobacter suboxydans converts 
sorbitol into sorbose; it has been renamed 
in modern classification Gluconobacter 
oxydans. 


Reichstein then did something very unusual 
for a chemist in his day—with biotechnol- 
ogy in mind, he bought pure cultures of 
Acetobacter from microbiologists. However, 
having no knowledge in microbiology, 
he could not get the bacteria that he had 
bought to work. He, therefore, had to resort 
to another crazy method also described by 
Bertrand—capturing fruit flies (Drosophila, 
Box 4.5) that had wild sorbose bacteria living 
in their intestines. 


Reichstein used a combination of chemi- 
cal synthesis and biotechnology to convert 
p-sorbitol into L-sorbose (Fig. 4.26). 


In 1933, Reichstein offered his idea to the 
Swiss pharmaceutical firm Hoffmann—La 
Roche, which had been very interested in 
adopting Albert Szent-Gyórgyis (1893- 
1986) method of isolating vitamin C from 
capsicum, which had earned the Hungarian 
capsicum lover the Nobel Prize in 1937. 


The Reichstein method (Fig. 4.25) can be de- 
scribed in the following steps: 


e p-Glucose is catalytically reduced (nickel 
catalyst, pressure 150 bar) to p-sorbitol. 


e The sorbitol is then taken up by A. sub- 
oxydans and selectively converted into 
sorbose by the bacterial enzyme sorbitol 
dehydrogenase. This submerged fermen- 
tation process using a 20-30% sorbitol 
solution achieves almost complete conver- 
sion within 1 or 2 days. 


e Finally, L-sorbose is oxidized chemically 
into 2-Keto-L-gulonic acid (2-KLG), which 
is then treated with acid, and water is 
cleaved off to produce L-ascorbic acid. 


After decades of success, this chemico- 
biotechnological method has come under 
threat by more recent purely biotechnologi- 
cal methods (Fig. 4.30 and Box 4.5). 


Bacteria of the Erwinia genus (Fig. 4.31) con- 
vert glucose to 2.5 diketo-p-gluconic acid (2.5 
DKG), involving three enzymes in the process 
(enzymes 1—3, Fig. 4.30). Like Е. coli, Erwinia 
is a Gram-negative bacterium. 


The three membrane-bound enzymes are 
contained in the periplasm, the space 
between the outer membrane and the 
cytoplasmic membrane in Gram-negative 
bacteria. 


Other bacteria, such as the Gram-positive 
Corynebacterium, have a simpler wall struc- 
ture (90% murein, 10% teichoic acid). It is 
therefore possible to distinguish Gram-positive 
from Gram-negative bacteria by staining them 
(Fig. 4.32). Corynebacterium has no peri- 
plasm, but interestingly its cytoplasm contains 
2.5 diketo-p-gluconic acid reductase. This en- 
ables it to convert 2.5-DKG to 2-Keto-L-gulonic 
acid, which, in turn, can be easily turned into 
a vitamin C ring molecule. 


Erwinia thus supplies the starting product for 
Corynebacterium, and it would be worth- 
while to bring them together in a cofermenta- 
tion process. To do this on an industrial scale, 
however, is very difficult, due to differences in 
pH and temperature at which optimal growth 
is achieved in the two species. 


This is where genetic engineering comes in, as 
it has been possible to combine the genetic 
properties of the two microorganisms in 
a single one that takes up pure glucose and 
secretes the vitamin precursor directly into the 
medium. 


To create this organism, the reductase gene 
from Corynebacterium was introduced into 
Erwinia cells—which makes sense. After all, 
Erwinia only lacks the enzyme, whereas, 
in Corynebacterium, there would be no 
periplasmic membrane. The reductase in 
Corynebacterium is not membrane-bound, 
but is acting freely in the cytoplasm. 


This is what now happens in recombinant 
Erwinia cells (Fig. 4.30) 


e p-Glucose is taken up from the medium 
into the periplasm. 


e The three periplasmic enzymes (enzymes 
1, 2, 3 at the inner membrane of Erwinia) 
synthesize 2.5-DKG step-by-step. 

e 2.5-Diketogluconic acid reductase (from 
Corynebacterium) catalyzes 2.5-DKG to 
2-KLG (2-Ketogulonic acid) within the 
Erwinia cytoplasm, from where it is se- 
creted into the medium. 


e 2-KLG is then treated with acid, wa- 
ter is cleaved off, and L-ascorbic acid is 
produced. 


Thus, genetic engineering elegantly com- 
bines the metabolic capacities of two dif- 
ferent microbes. The recombinant Erwinia 
cells produce approximately 120g of 2-KLG 
within 120h, amounting to a glucose conver- 
sion rate of 60%. 


The ingenious combination of chemical and 
biotechnological synthesis made Hoffmann-La 
Roche the world leader in vitamin C produc- 
tion for decades. Production has now been 
taken over by the Dutch firm DSM (sold by 
Hoffmann La Roche in 2002). 


Nowadays, the market turnover of vitamin C 
was about $1.04 billion in the USA alone in 
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Fig. 4.25 Above Reichstein' s vitamin C synthesis. 


2018 and is expected to grow. About 95% of 
the world's production already comes from 
Chinese biotech firms. They used to produce 
vitamin C considerably below the world mar- 
ket price. However, between 2016 and 2017, 
the price tripled and is still on an upward 
trend. 
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Fig. 4.26 Gluconobacter oxydans 
contains sorbitol dehydrogenase that 
converts -sorbitol into .-sorbose. 
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Fig. 4.27 Swiss company Roche made a fortune from 
t-ascorbic acid. 


Fig. 4.28 Above: Crystals of ascorbic acid 
(vitamin C) under a polarizing microscope. 
It shows interferences due to the dual 
refraction of light. 
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Fig. 4.29 The filamentous ascomycete 
Ashbya gossypii produces vitamin B2 
(riboflavin). 


Crystallography The Royal Society 
Hodgkin 350 Years 


Fig. 4.30 Dorothy Crowfoot Hodgkin and vitamin 

B,,. Hodgkin (1910-1994) was the third woman to be 
awarded the Nobel Prize in Chemistry, after Marie 
Curie (1867-1934) and her daughter, Irene Joliot-Curie 
(1897-1956). Aided by the first computers, she worked 
out the structure of penicillin by 1949. The structure 
of vitamin B>, a very large molecule (below), was 
discovered by her in 1955. When she was awarded the 
Nobel Prize in 1964, the British press got the wrong 
end of the stick when announcing that the Nobel Prize 
had been given to a grandmother. In 1969, Dorothy 
Crowfoot Hodgkin publicized the final structure of 
insulin —the result of over 35 years of hard work! 
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Tadeusz Reichstein was awarded the Nobel 
Prize for Medicine in 1950 for his work on 
cortisone, a hormone produced by the cortex 
of the adrenal gland (Box 4.5). 


In 1936, Roche sold approximately 815 lbs 
(370kg) of vitamin C at a price of 1,140 
Swiss Francs (CHF) per kilogram. By 1938, 
this price had dropped to 550 CHF, by 1940 
to 390 CHE, by 1950 to 102 CHE, and by the 
early 1960s, a kilogram of vitamin C would 
cost 80 CHF. Currently, the price is about 4 
CHF per kilogram—in other words, vitamin C 
is 20 times cheaper than it was 55 years ago! 
Now, China produces 95% of the world’s 
vitamin C. 


Vitamin C is not only used for disease preven- 
tion and as a health supplement but also as an 
innocuous natural antioxidant that is added 
to soft drinks as a preservative. The chemistry 
and Nobel Peace Prize laureate Linus Pauling 
(1901-1994) advocated vitamin C for cap- 
turing free radicals that could cause physical 
harm. He swallowed several grams of vitamin 
C per day, reached the wise old age of 93, and 
never had a cold. Although his theory has re- 
mained controversial, a diet rich in vitamins 
and various proteins rather than a diet based 
on fat and red meat will certainly increase life 
expectancy. 


How much vitamin C should one take 
in? The German Society for Nutrition rec- 
ommends a daily intake of 150mg/day, 
while the “forever young” movement fa- 
vors an intake of 1-3 g/day. It is hardly 
possible to take an overdose, as vitamin C 
is water-soluble and does not accumulate in 
the body like the fat-soluble vitamins A, D 
E, and K. Any surplus is excreted with th 
urine. However, an excess of vitamin C ma 
cause acidity problems in the stomach an 
hit your wallet, too. 


ax о 


Most other vitamins are produced by purely 
chemical processes, e.g., the carrot pigment 
В-сагоѓепе, which is used in animal feed or the 
plant compound tocopherol (vitamin E). Only 
the vitamins C, B2, and В; are mainly 
biotechnologically produced, i.e., using 
microbes. 


The fungus Ashbya gossypii (Fig. 4.28), a 
filamentous ascomycete, produces riboflavin 
(vitamin B2). The industrially grown strain 
now produces about 20,000 times the amount 
of its wild-type relations. The production pro- 
cess goes back to 1947. 


In the beginning, Ashbya only produced very 
small amounts of riboflavin. A related fungus, 
Eremothecium ashbyii, was also harnessed 
or the production, as well as the bacterium 
Bacillus subtilis. Some strains of that bacte- 
rium produce a surplus of the vitamin, which 
is secreted into the medium. In contrast to the 
ungi, these bacterial strains are the result of 
targeted genetic engineering. 


Riboflavin occurs naturally in milk, liver, 
chicken, eggs, sea fish, nuts, and lettuce. It is 
supposed to be essential for muscle buildup 
and fitness and the production of the stress 
hormone adrenalin. 


Pseudomonas denitrificans and Propioni- 
bacterium shermanii produce cobalamin, 
a precursor for cyanocobalamin (vitamin 
В\2) (Fig. 4.29) at a rate that lies 50,000 
times above the wild-type production. Over 
a growth period of 4 days in sugar beet 
molasses, P denitrificans produces up to 
60mg/L cobalamin in an anaerobic one- 
step process. The cobalamin is secreted into 
the medium. Molasses contains betaine, 
which increases the yield considerably. The 
culture is heated at the end of the process 
in the presence of cyanide, resulting in 
cyanocobalamin. 


Vitamin B,2-deficiency results in anemia 
(pernicious anemia). In 1926, pernicious 
anemia was treated successfully for the first 
time on a diet of one to two pounds of raw 
bovine liver. In 1934, the Nobel Prize for med- 
icine went to George Н. Whipple (1878- 
1976), George R. Minot (1885-1950), and 
William P. Murphy (1892-1987) for their 
insight into the disease. 


Vitamin B; is given to help blood formation 
and to protect the liver. Half the annual 20 
tons of production goes into animal feed to 
encourage growth and bone-building. In hu- 
mans, it is also supposed to contribute to a 
calm disposition and mental alertness. 


E 4.11 Aspartame — Sweet Success 
of a Dipeptide Ester 


In 1965, James Schlatter (b. 1942), a chem- 
ist working for the US pharmaceutical firm 
G.D. Searle Co., was testing peptides, short 
chains composed of amino acids, for the treat- 
ment of gastric ulcers. Rumor has it that by 


accident, he spilled a drop of one of his prepa- 
rations on his hand. Later, when trying to pick 
up little pieces of paper, he absentmindedly 
licked his fingertip and noticed a sugary-sweet 
taste (others claim it happened when he was 
lighting a cigarette in the lab, against all best 
practice rules!). Subsequent tests showed that 
the compound had 200 times the sweeten- 
ing power of beet or cane sugar. 


Aspartame, the new supersugar, is a pep- 
tide, a methyl ester of the two amino acids, 
aspartate and phenylalanine. 


Phenylalanine and aspartate can both be pro- 
duced by bacteria or enzymatically in biore- 
actors. They can be bonded either chemically 
or by the reverse reaction of proteases 
(such as trypsin) in a two-phase system us- 
ing organic solvents to form the peptide (see 
Chapter 2). 


Although aspartame is broken down by diges- 
tive enzymes in the intestine, 1 g of aspartame, 
the daily intake of an adult, only yields 4 kcal, 
not even a hundredth of the energy humans 
usually take up with sugar. It is not only low 
in calories but tastes almost like sugar 
(except for a lack of body) and lacks the un- 
pleasant aftertaste of its rivals saccharin and 
cyclamate (Fig. 4.35). 


The time was just right for aspartame, as the 
fitness movement swept the United States. 
Pure aspartame or aspartame mixes (Figs. 4.33 
and 4.34) are used in diet products. Its main 
drawback, however, is that it starts decompos- 
ing after 6-9 months. The soft drinks industry 
can live with that because 95% of its output 
does not remain on the shelves for longer than 
3 months, as statistics tell us. 


Currently, aspartame is more expensive than 
saccharin and also more expensive than 
enzyme-produced fructose (see Chapter 2). If, 
however, it is possible to genetically engineer 
microbes to produce aspartame as a ready-to- 
use product or at least its two components, 
then aspartame could soon be ahead of its rival 
products. 


Due to its negligible nutritional value, there will 
be tough times ahead for tooth-decaying 
bacteria, such as Streptococcus mutans (see 
Chapter 7). 


Whether this also applies to fat bulges in hu- 
mans is questioned by many nutritionists. 
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Fig. 4.31 Vitamin C synthesis in 
genetically modified Erwinia cells. 
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Fig. 4.32 Erwinia is a Gram-negative 
bacterium that causes dry and wet 
rot in plants by excreting pectinases 
into plant cells. 


Fig. 4.33 Corynebacterium provides the 
enzyme 2,5-DKG reductase, which is 
expressed in the cytoplasm of Erwinia 


cells. 


Vitamin C 
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Box 4.5 Biotech History: 
Vitamin C and Reichstein’s Fly 


Tadeusz Reichstein 
(1897-1996). 


Tadeusz Reichstein was an assistant of 

the ingenious synthetic chemist Leopold 
Ruzicka (1887—1967) at ETH Zürich. 
Ruzicka had been trying to sell his hormone- 
synthesizing method to Roche, but the rather 
unconventional and original Ruzicka and 
Roche manager Emil Barell (1874—1953), 
who was a stickler for organization and 
discipline, “could not come to an agreement” 
(Roche Jubilee publication). So Ruzicka went 
to Ciba, Basel, instead. Reichstein had similar 
experiences with Roche in 1932. 


French researcher 
Gabriel Bertrand 
(1867-1962) described 
an ingenious way of 
obtaining sorbose 

from Drosophila flies. It 
worked for Reichstein 
as well as for the author 
of this book in Hong 
Kong 120 years later. 


50 years later, Reichstein recalls what 
happened: 


“I do not remember the exact wording, but 
this is roughly what Bertrand wrote: Take 
wine, add a little sugar and vinegar and let it 
stand in a glass for a day. This mixture will 
attract swarms of little flies called Drosophila 
or fruit flies, which have bacteria in their 
intestines. Once the flies start sucking the 
liquid, they excrete these bacteria which then 
produce sorbose. When I was going to try 
this out, it was late in the year and I could 
not see any Drosophila around anymore. 
However, the weather was fine, and I could 
not wait for another year, so thought Га give 
it a try. Instead of sugar, I added sorbitol to 
the wine, I added vinegar as instructed, but 
I also added some yeast bouillon because a 
bacteriologist had once said to me that yeast 
bouillon contains everything bacteria need. 
And after all, I wanted them to be well fed! 

I put out five beakers with this mixture on 
the windowsill in front of my basement lab 
from where you could just catch a glimpse 
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The sorbitol experiment was repeated by the author. 
The red arrow points to the fly. 


of the sun. That was on a Saturday, and I 
thought "Well, if the flies come, it's fine, if 
they don't, nothing is lost.” When I came back 
on Monday, everything had dried up, but 

two of the beakers were full of crystals. We 
looked at these crystals, and they were pure 
sorbose! In one of the beakers, we also found 
a Drosophila that had drowned, and from it 
extended rays of sorbose crystals. Those wild 
bacteria managed to produce more sorbose in 
2 days than the bought ones in 6 weeks. They 
had to be good! We then inoculated a second 
culture with them, and indeed, the rapidly 
proliferating bacteria managed to convert the 
substrate into sorbose within 24—48 hours. 
Thus, it took us only a few days to produce 
50 g of sorbose. Not surprisingly, our cultures 
contained a wild mix of bacteria, but tha 
did not matter. They obviously liked an 
acidic environment, reaching their optimum 
productivity at pH 5. At this level of acidity, 
there is hardly any growth of other bacteria. 
Converting sorbose into vitamin C was very 
easy. We immediately obtained grams of it, 
and we could already predict that it would be 
possible to produce it by the ton. 


I think we managed to get 30—40 g of vitamin 
C out of 100g of glucose before even starting 
to fine-tune the synthetic process! 


There was certainly room for improvement. 
Roche Zürich took over the license in spite 
of mutterings from the boss of the then fairly 
small firm. 


The company was worried that the 
microbiological reaction might not be popular 
with his chemists, but Reichstein replied: 
"Popular or not—this bacterium is the only 
lab assistant capable of achieving a 90% 
sorbose yield from sorbitol. No human can 
match that, while the bacterium does it in 

2 days using nothing but air. The only thing 
you have to do is give it some yeast to eat." 


n its publication celebrating its centenary, the 
Roche company wrote: “After a long search, 
Hungarian researcher Albert Szent-Györgyi 
1893-1968) had succeeded in isolating the 
antiscurvy vitamin, and Roche was about to 
adopt his method of producing vitamin C 
from capsicum. 


However, Reichstein's ingenious synthesis 
process turned out to be more promising for 
the future and started off the era of vitamin 
production at Roche. 


Chairman Barell still looked at vitamin C as 
a rarely used biochemical product of which 

a maximum of 10 kg per year could be sold 
and was taken by surprise when after a few 
months already, it turned out to be very much 
in demand." 


Roche' s vitamin C product Redoxon, launched in 1934, has undergone several improvements and is still sold 
today. 


Diet drinks make the body believe that energy is being 
provided. As this remains an unfulfilled promise, the 
craving must be satisfied elsewhere. Some nutrition- 
ists even warn against the consumption of aspartame. 
Aspartame is anathema to some groups in the United 
States because when it is digested, methanol develops, 
Which can lead to blindness. However, in order to have 
an effect, absolutely enormous quantities of aspartame 
Would have to be taken in. The worldwide production of 
aspartame is now dropping. Diet Pepsi already stopped 
using aspartame completely. 


Two other, even sweeter, proteins have been discovered 
in African shrubs—thaumatin апа  monellin 
(Fig. 4.35). But the latest hit is the sugar from Stevia 
rebaudiana, which is 50 times sweeter than sugar. 


Many cats love thaumatin, and there is a persistent ru- 
mor that thaumatin or certain amino acids may cause 
addiction in cats to certain food brands (Box 4.3). 


Bi 4.12 Immobilized Cells Producing 
Amino Acids and Organic Acids 


Japan is the most advanced country (see Chapter 2) in 
the development of immobilized cells. 


Ichiro Chibata (b. 1925) and Tetsya Tosa (b. 
1933, Fig. 2.23) of Tanabe Seiyaku, Osaka, who had 
already been at the forefront of enzyme immobiliza- 
tion, managed to utilize a process in 1973 to produce 
aspartate. 


Deep-frozen Е. coli cells, which were enclosed in a gel, 
synthesized 600 tons of aspartate per year. Aspartate is 
one of the building blocks of aspartame from fumaric 
acid. Only after 120 days did the activity of aspartase 
in Ё. coli drop to 50%, whereas free cells have a half- 
life of only 10 days. Production with immobilized cells 
costs only 6076 of the production cost with free cells. 
Thus, the catalyst cost goes down from 30% to 3%, 
and the cost for staff and energy is reduced by 15%. A 
1,000-L column reactor yields approximately 2 tons (!) 
of L-aspartate per day. 


In a similar process using immobilized Brevibacterium 
cells, 180 tons per year of L-malate were produced from 
fumaric acid. Each of the processes uses just one of the 
microbial enzymes (aspartase or fumarase, respectively), 
leaving the cells in their structural units for economic 
and practical reasons. Their cell membranes have been 
partially disrupted before use. 


The substrates are not held back by the cell membrane, 
but the enzymes remain stable. 


Microorganisms can be the solution in processes in- 
volving several steps, e.g., in alcohol production with 
immobilized yeasts (see Chapter 1). 


There is enormous potential for immobilized cells, as 
their productivity surpasses that of free-living cells by 
far. 


A process developed by Tanabe Seiaku in 1982 even had 
two different immobilized microorganisms switched in 
series: First, fumaric acid is converted into L-aspartate 
by immobilized Æ. coli in a 1,000-L bioreactor, which 
is then converted by immobilized Pseudomonas da- 
cunhae cells into L-alanine in a 2,000-L reactor. The 
pilot plant produced 100 tons r-aspartate and 10 tons of 
L-alanine per month. 


ш 4.13 Mutations as a Way of Targeting 
Microbial Programming 


In order to obtain a tailormade microorganism to be 
used in industrial production, undesirable traits of the 
wild-type must be eliminated, desirable properties en- 
hanced, and perhaps even new properties added. 


This can be achieved in several ways—by using 
spontaneous mutations or by artificially targeted 
mutations. 


The simplest case is a point mutation where one base 
pair in the DNA is replaced by another or a base pair or 
short DNA section may disappear or insert in a different 
place. 


Such changes happen naturally in DNA— probably fault 
in the copying process. 


However, spontaneous mutations involving a specific 
base are very rare. In Æ. coli, the average mutation rate 
for a replicated base is 1075, i.e., one base out of 10 
billion! Most of these mutations remain silent or are 
repaired by enzymes (Box 4.7). 


The mutation rate can be increased, however, by a fac- 
tor of 1,000 in microorganisms that are treated with 
mutagens. 


These include ultraviolet (UV) radiation (e.g., causing 
two neighboring thymines in the DNA to form dimers, 
Box 4.6), ionizing radiation (X-ray, gamma, or neutron 
rays), and a host of apparently unrelated chemical com- 
pounds that react with DNA bases (e.g., nitrous acid 
reacts with amino groups) or interfere with the copying 
process. 


Some compounds are only turned into mutagens 
by liver enzymes such as cytochrome P-450, 
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Fig. 4.34 How fashions сап 
change! One hundred years lie 
between these two advertising 
pictures. Top: The original 
drink, rich in calories, is 
advertised in the United States. 
Bottom: The lite product, as 
advertised in Asia. 
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Fig. 4.35 Alongside the 
ingredients, the Diet Coke/ 
Coca Cola Light bottle also 
carries a notice, warning 
phenylketonuria patients of the 
presence of aspartame. 


Fig. 4.36 Thaumatin is 
obtained from the fruit of the 
African ketemfe plant. 


Fig. 4.37 The latest idea for 
very-low-calorie sweeteners is 
Coca Cola life: using Stevia leaf 
extracts. The product, however, 
proved to be a flop and was 
discontinued in 2020. 
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Box 4.6 Why UV Light Kills 
Microbes 


UV radiation gives rise to a TT dimer (purple) 
in the DNA double helix, as a cyclobutane 
ring forms between the two thymine bases 
(top). The dimer causes a twist in the helix, 
thus interfering with the normal interaction 
between thymine and adenine and causing a 
slight kink in the DNA backbone. 


All radiation of a shorter wavelength (and 
higher energy) than visible light has a 
disruptive impact on organic molecules. The 
most serious damage to DNA is the formation 
of pyrimidine dimers. In the pyrimidine dimer, 
two adjacent pyrimidine bases—in most 


cases two thymine (T) residues—are linked 
in an abnormal structure which distorts the 
shape of the DNA double helix and blocks its 
replication. As little as one TT-dimer can be 
lethal for the cell. 


UV light is used to sterilize clean benches. 


Luckily for us, these damages are usually 
repaired in seconds after they occur. Dozens 
of proteins cooperate in what is known as a 


nucleotide excision repair process. A 30-base- 


pair segment is cut out and replenished with 
the correct nucleotides. This is our only 

UV protection (apart from sun cream). An 
unsuccessful repair may lead to skin cancer. 
Microorganisms, on the other hand, use 
endonucleases that cut out the damaged 
base in a single step. Endonuclease V in 


the Т4 bacteriophage handles the DNA it is 
"repairing" rather roughly. 


Surprisingly, the enzyme does not recognize 
the dimer but does note the weakening in the 
helix by the dimer. The enzyme puts a kink 
in the DNA on the side of the lesion and also 
excises the complementary adenine base and 
puts it in its pocket. 


A DNA repair enzyme (green) finds the TT 
dimer (purple) corrects it and puts adenine in 
its pocket in the neighboring DNA. 


Fig. 4.38 Petri dishes with 
microorganism colonies. 
Screening for new sources of 
antibiotics in Jena. 
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(e.g., aflatoxins in mold fungi, see Fig. 4.101). They turn 
into highly reactive epoxides that react with guanine to 
form stable compounds. Cancer in humans and mam- 
mals arises from mutations in genes that are involved in 
growth control and from faults in DNA repair (in many 
kinds of intestinal cancer). 


It is generally impossible to produce a targeted mu- 
tation of just one gene. In order to enhance a micro- 
bial strain by mutation, very sensitive screening tests are 
required to spot desired accidental mutations. 


How microorganisms can be programmed by mu- 
tations to function in a desired way has already 
been shown in Section 4.7, Production of Amino 
Acids. Through the combined use of natural mu- 
tations and targeted selection, a bacterial strain 
was found that produces large amounts of the vital 
amino acid lysine. 


The situation is entirely different for antibiotic-forming 
fungi and bacteria. The amount of antibiotics pro- 
duced depends on dozens of genes, and it is there- 
fore impossible to find single mutations that could 
switch the poor yield of a few milligrams per liter to an 
industrial-scale yield. It took many mutation and se- 
lection cycles to obtain the highly developed industrial 


strains that now produce 90 or more grams of antibiotics 
per liter of nutrient medium (Box 4.7). 


Cultures are treated with a mutagen in every 
cycle, and the resulting colonies are tested. When 
among the thousands of colonies, a mutant has been 
found that shows significantly higher productivity, it 
becomes the starting point for the next cycle of mu- 
tation and selection. Thus, the laboratory evolution 
of the organism takes an unnatural direction until a 
strain has developed that is economically viable. It is 
a painfully slow and laborintensive method with no 
guaranteed results. 


Not only genes but also culturing conditions have 
an impact on the yield of an antibiotic. At the 
beginning of the process, suitable mutants can be 
found by measuring the output of the various colo- 
nies growing on the nutrient plates. Later, however, 
the strains that have been enhanced in the lab must 
be tested under conditions similar to those in a huge 
bioreactor. 


In spite of all these difficulties, several antibiotics such 
as penicillin are currently produced by highly productive 
strains that have been developed in 20 or 30 selection 
steps over two or more decades (Figs. 4.37 and 4.38). 


Box 4.7 Screening, Mutagenesis, 
and Selection — Prerequisites 

for the Creation of Powerful 
Antibiotic Production 


Increa 


yield 


antibiotic 


sed Hybrids Recombination 


In a first step, a promising habitat is chosen 
and samples taken. 


Since a cubic centimeter of soil contains 
millions of microbes, the samples must be 
diluted with water. Diluted samples of the 
varying strengths are distributed to Petri 
dishes that contain nutrients. These are 
incubated at 25°С or 37°С for 6 days until 
the microorganisms have formed small, 
clearly distinguishable colonies. Those 
colonies that produce antibiotics will secrete 


Mutation 
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inhibitors into their environment. When test 
bacteria (e.g., streptococci) are sprayed onto 
the capturing plates, they grow into dense 


perpendicular to the first line. Those test 
strains that are sensitive to the new antibiotic 
will not grow near the first inoculation line, 


Whereas in the early 1940s, the stock of 
filamentous fungi comprised about 1,200 
strains, the US Department of Agriculture 


lawns, except around antibiotic-producing 
colonies which are surrounded by a clear 
zone. 


while resistant strains will not be affected. 


The newly found antibiotic-producing 


(USDA) Culture Collection in Peoria, 


Illinois, now contains over 100,000 


microbial strains. 


microbe is then cultured, and when the 


culture 
antibio 


animals. 
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Visual screening for dead zones around antibiotic- 
producing microbes. 


A thin platinum wire is disinfected by heating d of 
it red-hot and then used to take a sample from 
the antibiotic-producing colony. The microbes 
are deposited in a line on a fresh nutrient 
medium. After a short incubation, test 
microbes (e.g., staphylococci, streptococci, 


E. coli, or Candida yeasts) are put in lines 


yie 


is penic 


Developments, however, have speeded up since the ad- 
vent of CRISPR/Cas9 in 2011. See Epilogue. 


Bi 4.14 Penicillium notatum — Alexander 
Fleming's Miraculous Fungus 


Most of us do not remember the times when doctors 
were powerless in the face of severe bacterial infec- 
tions. Bacterial endocarditis was almost invariably 
fatal, and meningitis caused by meningococci left 
those few who survived it with severe mental disabil- 
ity. Pneumonia caused by pneumococci was known as 


of successful screening, 
selection or “evolution 


has grown sufficiently, the pure 
ic must be isolated from it to test it on 


Toward the end of the 1990s, microbiologist 
Stephen W. Peterson alone discovered 39 
new Penicillium species in addition to the 


102 known species that include the famous 


ibiotic yield can be enhanced through 


agenesis and subsequent screening. The 


oductive daughter colonies are chosen 


exposed to another mutagen, then tested 
r productivity. А! 
ation and screening, the best mutants 
crossbred. The reco 
produces thousands of genetic variants, 

many of which will achieve an even higher 


ter several cycles of 


mbination of genes 


antibiotics. An excellent example 
mutagenesis, and 
in a Petri dish" 

illin. Current industrial strains of 


Penicillium chrysogenum produce 150,000 
units/mL (about 90 g/L), compared to the 
4 units/mL yield of Fleming; original fungus. 


"the old man's friend" because it lets old people slip 
away gently. Against this background, penicillin with 
its high effectiveness on a wide range of pathogenic 
bacteria and almost negligible toxicity must have 
seemed to be a wonder drug. In 1928, Alexander 
Fleming (1881—1955), whom we met earlier in the 
context of the lysozyme discovery (see Chapter 2), 
found that P notatum inhibits the growth of certain 
bacterial cultures (Fig. 4.39). 


Penicillin ushered in a new era in the fight against 
the disease. Box 4.8 tells the story of this discovery 
that Fleming himself had initially underestimated, and 


Peoria cantaloupe strain. 


Plated microorganisms in Petri dishes. 


Fig. 4.39 Bioreactor culturing 
conditions are specifically 
optimized for the various 
microorganisms in the lab. 
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Box 4.8 Biotech History: 
Alexander Fleming, Penicillin, 
and the Beginnings of the 
Antibiotics Industry 


In the autumn of 1928, microbiologist 
Alexander Fleming (1881—1955) was 
examining several cultures of pus bacteria 
(staphylococci) in his lab at St. Mary’s 
Hospital London. The lab was stuffed with 
Petri dishes that had bacteria growing on agar 
nutrient media—a bit untidy perhaps, but 
sometimes genius comes from chaos. 


Before his summer holidays, Fleming had 
inoculated some dishes with bacteria. All of 
them were now covered in clearly visible 
colonies, and in some of them, some mold was 
growing. The summer had been cool, which 
had slowed down the growth of bacteria. 


Fleming’s colleague Melvin Pryce witnessed 
one of the finest hours in science. It is 
described in André Maurois’ book 7ле Life 
of Sir Alexander Fleming: 


“While talking, Fleming lifted up a few dishes 
containing old cultures and took the lids 

off. ‘As soon as you uncover a culture dish, 
something tiresome is sure to happen. Things 
fall out of the air.’ Suddenly, he stopped 
talking, then, after a moment's observation, 
said, in his usual unconcerned tones: ‘That’s 
funny...;' On the culture at which he was 
looking there was a growth of mold, as on 
several of the others, but on this particular 
one, all around the mold, the colonies of 
staphylococci had been dissolved and, instead 
of forming opaque yellow masses, looked 

like drops of dew...” Apparently, the mold 
prevented the growth of the staphylococci. 


&..Мойсіпр the keen interest with which 
Fleming was examining the phenomenon, 
(Pryce) said: ‘That’s how you discovered 
lysozyme.’ Fleming made no answer. He was 
busy taking a little piece of the mold with his 
scalpel and putting it in a tube of broth.” 


“Fleming put the Petri dish aside. He was to 
keep it as a precious treasure for the rest of 
his life. He showed it to one of his colleagues: 
‘Take a look at that’ he said, ‘it’s interesting— 
the kind of thing I like; it may well turn out 
to be important.’ The colleague in question 
looked at the dish, then handed it back with a 
polite: Yes, very interesting.” 


Over the following days, Fleming grew 

the fungus on broths that had been made 
microbe-free by heat. He then placed various 
kinds of Gram-positive bacteria around the 
fungus, including chain-forming streptococci, 
clusters of staphylococci, and pneumococci. 
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Sure enough, none of them could spread to the 
immediate neighborhood of the fungus. Gram- 
negative bacteria, however, such as Е. coli and 
Salmonella species, grew unperturbed. Fleming 
identified “his” mold as a member of the 
Penicillium family, P. notatum, to be precise. 


He began to grow the fungus in a bigger broth 
container. The top of it was soon covered by a 
greenish mold layer, similar to a lawn. The liquid 
turned golden yellow after a few days, and new 
experiments with bacteria showed that the broth 
alone could slow down their growth. The fungus 
was apparently secreting something bactericidal 
or bacteriostatic into its environment. Fleming 
called it penicillin after its origin. 


Ernst Boris Chain (1906-1979). 


Howard Florey (1898-1968), according 
to his ironic Australian biographer, is the 
only Australian ever who did something 
useful for the whole of mankind. 


Streptococci, staphylococci, anthrax, 
diphtheria, glandular fever, and tetanus could 
all be stopped in their tracks by penicillin. 


Little did Fleming know what a breakthrough 
this meant and that it would save the lives 

of millions. Although further experiments 
showed that penicillin attacked only bacteria, 
but not rabbits, Fleming never tried to obtain 
pure penicillin to treat bacterial pathogens in 
lab animals. 


Hardly anybody noticed his article in the 
British Journal of Experimental Pathology, 


and even in 1940, Fleming wrote that 
it would not be worthwhile to produce 
penicillin. 


It seems that his main interest was in the 
selective effect on various bacterial 
species, as it helped to classify the species. 


By that time, however, other scientists had 
become aware of its bacteria-inhibiting 
properties. 


In 1938, Ernst Boris Chain (1906-1979) 
in Oxford became interested in fungus. The 
outbreak of World War II led to a surge in 
demand for medication to treat bacterially 
infected wounds in soldiers. 


Under the supervision of Australian 
researcher Howard Florey (1898—1998), 
he and colleague Norman Heatley worked 
frantically, separating penicillin from other 
compounds in the nutrient broth and 


purifying it. 


The yellow powder was then tested on mice 
that had been infected with pathogenic 
bacteria. 


The mice recovered within a very short 
time, which was sensational. The UK and 
US governments began to support the efforts 
0 produce sufficient amounts of penicillin 
but kept the project top secret because of its 
military relevance. 


n the summer of 1941 when Germany was 
expected to attack Great Britain, rumor has 
it that Florey and his colleagues had decided 
о destroy their lab completely, should the 
enemy land on British shores. 


The only exception was the miraculous 
penicillin fungus which the researchers 
rubbed into their clothes in order to be able 
to start new cultures elsewhere. 


1941 was the year that saw penicillin was 
tried out on a patient for the first time. He 
had a life-threatening staphylococcal and 
streptococcal infection. The patient, who first 
seemed to recover, died a month later, as the 
amount of available penicillin was insufficient, 
although it had been recycled from the 
patient's urine, brought to the lab every day 
by Florey’s wife. 


Florey and Chain had to produce larger 
quantities of penicillin before they could cure 
their first patients. 


In July 1941, Howard Florey and Norman 
Heatley (1911-2004) began collaboration 
with the USDA in Peoria, Illinois, and soon, 
companies such as Merck, Squibb, Lilly, and 
Pfizer joined in, only a few months before the 
United States entered the war. 


When Heatley and Florey arrived in the 
United States in 1941, the amount of 
penicillin they had been able to produce 
was nothing to shout about—4 units/mL 
(1 unit=0.6 ug). The National Academy of 
Science was consulted and recommended 
Charles Thom, an expert on Penicillium, 
who, in turn, pointed them to the 
fermentation unit of the newly founded 
Northern Regional Research Laboratory 
(NRRL) of the USDA in Peoria, Illinois. 
Charles Thom (1872-1956) had been 
the first scientist to describe Penicillium 
roqueforti and Penicillium camemberti as 
the active fungi in cheese production (see 
Chapter 1). 


Norman Heatley, the quiet, pragmatic hero 
in the penicillin success story. On March 25, 
1940, Heatley injected eight mice with 110 
million streptococci each. Half of them were 
injected with penicillin an hour later and 
survived. Florey, his boss, slightly revolted at 
he sight of those mice, commented: “Looks 
quite promising.” 


In 1990, Heatley was not awarded the Nobel 
Prize, but something far rarer—the first 
honorary doctorate in Oxford University’s 
800-year history! 


The problem with Fleming’s Penicillium strain 
was that it would only grow on the surface of 
its nutrient (surface culture). So, the search, 
which also involved the US Army, began for a 
more productive strain that could be grown in 
a submerged culture. 


Reports cannot agree whether it was a 
humble housewife in Peoria or staff member 
Mary Hunt, known as Moldy Mary, who 
found the moldy melon in the market of 
Peoria in June 1943 that carried the 

P. chrysogenum strain (Fig. 4.40). 


Grown in submerged culture, it would produce 
70/80 units/mL, and some mutants isolated 
from some conidia even produced 250 units/ 
mL. P chrysogenum NRRL 1951, isolated 

from a cantaloupe melon, was to become the 
ancestor of modern Penicillium strains. 


The surface culture was soon replaced by an 
especially developed deep tank culture system 


that was suitable for mass production. The 
antibiotic industry was born. 


At the end of November 1941, Andrew 

J. Moyer (1899-1959), an expert in the 
nutrition of molds, cooperated with Norman 
Heatley and succeeded in multiplying the 
output 10-fold by using corn steep liquor 

as a nutrient. Corn was the dominant crop in 
US agriculture (see also Chapter 3 on fructose 


Syrup). 


One of the reasons for founding the lab in 
Peoria had been to find ways of disposing 
of liquid corn production waste! It comes in 
large quantities and contains a mixture of 
starch, sugars, and minerals. 


It was later discovered that luckily apart from 
sugars, it also contains a chemical precursor 
of penicillin, thus making life easier for the 
Penicillium fungus. 


The US War Production Board initiated 
projects all over the United States, e.g., at 
the University of Wisconsin Madison, where 
John E. Stauffer and Myron Backus tested 
thousands of UV-induced mutants (see 

Box 4.6). 


WOK 157763 


Howard Florey on an Australian banknote. 


Charles Thom (1872-1956) 
classified Penicillium strains. 


Backus and Stauffer raised the production 
level from 250 to 900 units/mL, and through 
further mutagenesis, production reached 
2,500 units/mL. Other universities such 

as Stanford, Minnesota, and the Carnegie 
Institution in Cold Spring Harbor, NY joined 
in, and by the end of 1942, 17 US companies 
were involved in the penicillin project. 
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On March 1, 1944, the first industrial plant 
with submerged cultures was opened in 
Brooklyn, NY. The production went up from 
210 million units in 1943-1663 billion units 
in 1944 and 6.8 trillion units in 1945. 


In 1943, it was possible to treat 1,500 
military personnel, and only 1 year later, 
countless wounded in the D-day landings 
were saved by penicillin. The yield had been 
increased from 1% in 1L flasks to 80-90% in 
10,000 gal tanks. 


Thanks to PENICILLIN /@. 


...He Will Come Home ! 


Fleming, Florey, and Chain were awarded the 
Nobel Prize in 1945. By the way, until this 
day, the British regret that, for ethical reasons, 
they had asked Florey not to file for a patent 
on penicillin. 


HE PUBUC THROUGH Т 
MEDICAL PROFESSION 
WITH PENICILLIN 


dave PENICILLIN & STOCK a 


ol 


Good news: Penicillin is sold in every drugstore 
in the United States in 1945. 


The University of Oxford never got its share 
of the fabulous profits made from penicillin in 
the United States, and, to add insult to injury, 
the United Kingdom had to pay licensing fees 
to US companies... 
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Fig. 4.40 Alexander Fleming 
and his note referring to a 
petri dish with penicillin-lysed 
bacteria. 


Fig. 4.41 The first really 
productive penicillin mold was 
found on a Cantaloupe melon. 
The experiment was repeated 
and photographed by the 
author. 


Fig. 4.42 Modern penicillin 
production in submerged 
culture. 
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of the contributions by Florey, Heatley, Chain, and 
others. The recovery from bacterial infection as a conse- 
quence of penicillin treatment came close to a miracle. 
However, the production of penicillin was still too labo- 
rious and too expensive. For the treatment of a single 
patient, about 265 gal (1,000L) of “fungus soup” had to 
be prepared and processed. 


Three problems were waiting to be resolved: 


e The Penicillium strain with the highest penicillin 
output had to be found (Section 4.15). 


e Huge quantities of the fungus had to be grown. 


e A method had to be developed to separate 
pure penicillin from the nutrient medium 
(Section 4.17). 


Bi 4.15 Screening — Biotechnologists 
in Search of Molds 


All over the world, the search was on for fungi 
that would produce more penicillin than Fleming’s 
P. notatum. The fungi that were found were cultured on 
media and tested for their ability to produce penicillin. 
Screening programs were developed to pinpoint suitable 
microorganisms (Box 4.7). 


Significant progress was only made after the US govern- 
ment supported this war-relevant research in the USDA 
labs in Peoria, Illinois. However, it was not until 1943 
that a more productive strain than that discovered by 
Fleming was found. 


The mold, later named Penicillium chrysogenum, 
was found nowhere else but on the doorstep of the 
Peoria lab, i.e., on a Cantaloupe melon purchased in 
a Peoria fruit market (Fig. 4.41). Its productivity was 
so amazing that it became the major culture line, 
and all molds used in industrial penicillin produc- 
tion derive from the melon mold found in Peoria 
(Fig. 4.42). 


Just as in animal and plant breeding, the most produc- 
tive mold varieties were propagated, and over many 
generations, the current high-performance strains were 
developed. 


As early as the 19205, researchers found that hereditary 
traits can be manipulated. X-rays and certain chemi- 
cals bring about a higher rate of mutations in cells. In 
order to obtain the most productive penicillin-producing 
fungi, researchers treated them with a combination of 
X-rays, ultraviolet radiation, and chemicals (dichloro- 
ethyl sulfide, also known as mustard gas). 


The screening process ran through about 20 cycles 
(Box 4.7), and the best mutants yielded as much 
as 7 g/L. 


Modern high-performance fungi, however, differ 
considerably from their ancestors in the early 1950s, 
producing on average 100g/L of nutrient solution, 
which is 2,000 times more than the fungus on the 
melon produced, or 20,000 times more than the out- 
put of Fleming's fungus! Groups of microbes of one spe- 
cies with widely differing properties are called strains. 
The majority of high-performance strains are usually 
so sensitive and pampered by their breeders, just like 
many of our pets, would be unable to survive in the 
wild. 


High-performing supermolds are usually so sensitive 
and “spoilt” by biotechnologists that they would be un- 
able to survive in a natural environment. The supermold 
does not gain anything from its ability to produce 1,000 
times more penicillin than its ancestors. It is humans 
who force it into overproduction by manipulating its 
genetic makeup and living conditions. Just like pets 
these days, they live in an artificial environment, en- 
joying comfortable temperatures, sufficient and suitable 
food, and protection from competitors and predators. 
They exist to produce. 


Bi 4.16 What's on the Microbial Menu? 
What does a microorganism need to be comfortable? 


First of all, nutrients. Their favorite "foods" are simple, 
easily digestible organic compounds such as glucose, 
fatty acids, and amino acids. Microorganisms are usually 
unable to break down more complex compounds like 
starch, cellulose, pectins, and proteins within the cell. 


Their only way to digest them is via extracellular 
enzymes (see Chapter 2). To break down starch into 
glucose, e.g., the cells secrete amylases into their envi- 
ronment (the medium) in what could be considered an 
external digestion process. 


In the medium, amylases (Fig. 4.43) break down starch 
until the microbes are surrounded by glucose molecules, 
which they can easily ingest. To digest proteins, the cells 
secrete protein-cleaving proteases and to break down 
cellulose, they secrete cellulases into the medium (see 
Chapter 2). 


Not only glucose but also starch and beet sugar are used 
in industry. The starch comes from grain, the sugar 
from corn or molasses. Molasses is a dark and viscous 
by-product of sugar production, containing 50% beet 
sugar. 


Box 4.9 How Penicillin Works — 
Enzyme Inhibitors as Molecular 
Spoilsports 


Although the development of penicillin 
Was a very important era in the history of 
the modern biotech industry, it was not 
understood for a long time why penicillin 
kills certain microbes. 


Now we know that penicillin is taken up with 
other nutrients by growing bacteria. When 
they divide, bacteria must build new cell 
walls with the help of specific wall-building 
enzymes that interlace amino acid side 
chains, and it is this process that is disrupted 
by penicillin. It acts as a molecular spoilsport, 
i.e., penicillin is structurally so similar to 
the enzyme's substrate that it binds to the 
enzyme, thus preventing the conversion of 
the actual substrate to a building block of the 
cell wall. This is called competitive inhibition. 


The mechanism was only brought to light in 
1957 by Joshua Lederberg (1925-2008) 
Who was later to win the Nobel Prize. 


In a simple experiment, he demonstrated that 
penicillin prevents the formation of bacterial 
cell walls. In a highly saline solution, the 
bacteria continued growing in spite of the 
presence of penicillin, but they did not form 
cell walls. When Lederberg transferred those 
protoplasts, i.e., naked bacteria without a cell 
Wall, into a normal nutrient solution, they burst 
because they did not have a protective cell wall. 


Other nutrients, such as amino acids, are de- 
rived from soy flour, corn steep liquor, or draff 
(malt residue) from breweries. 


Finally, microorganisms also need minerals 
(ammonium salts, nitrates, phosphates) to 
thrive, and, depending on the species, more 
or less oxygen. But some microbes such 
as methane-producing species must even 
be protected from oxygen, as it is toxic to 
them. 


When the first mold cultures were grown 
during World War II, nutrients that contained 
glucose, as well as minerals, were used. 


The fungi used up the sugar and grew fast, but 
produced only a little penicillin until some- 
body in the Peoria lab hit on the ideal nutrient 
additive—corn steep liquor. It is cheap and 


In 1965, James Park and Jack Strominger 
gave a precise description of the action of 
penicillin: The bacterial cell wall consists of 
long sugar chains (murein) that are interlaced 
with peptide chains (peptidoglycans). This 
bonding process is catalyzed by the enzyme 
glycopeptide transpeptidase. Penicillin 
blocks this enzyme by posing as a perfect 
imitation of a protein bridge, thus putting an 
end to the bacterial cell wall production. This 
has a devastating effect on the bacteria, as the 
cell walls become leaky and cannot withstand 
osmotic pressure any longer. They inflate and 
burst. 


Thus, penicillin only inhibits the proliferation 
of bacteria but does not kill fully grown 
bacteria, and this is why it is not enough to 
keep taking it just as long as one is feeling ill. 


As penicillin only begins to act when the 
bacteria undergo division, it must be taken 
over several days. Stopping a course of 
antibiotic treatment in the middle, against 
medical advice, is extremely risky and 
foolhardy, as the surviving microbes will 
recover quickly and multiply, causing a 
dangerous relapse in the patient. 


Some of the surviving microbes may even have 
become resistant to penicillin, raising the stakes 
in the race between humans and microbes. 


Action of antibiotics containing a lactam ring. 
Being structurally similar to the peptide chain 
that should interlace with murein chains, they 
bind to them instead and prevent interlacing. 


encourages penicillin production. Ironically, a 
special department had been set up in Peoria 
to find environmentally compatible ways of 
disposing of this liquid (see Box 4.8). It was a 
waste! (Fig. 4.46) 


As for Penicillium, a nutrient that caters to 
their specific needs had to be found for other 
microbes as well, and it had to be as cheap as 
possible (Fig. 4.45). 


Basically, all sugar-containing by-products, 
e.g., from agriculture or from cellulose facto- 
ries, can be fed to microbes. 


Some microorganisms even have the abil- 
ity to break down compounds that are hard 
to digest—such as crude oil residues and 
plastic waste. These can thus be put to a use- 
ful purpose instead of posing a threat to the 
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Bacterial cell wall (Gram-positive) 


: Murein scaffolding 
: (interlaced with peptide chains) 


! Cytoplasmic membrane 


Peptide chain, interlacing with murein scaffolding 


Fig. 4.43 Extracellular a-amylase degrades starch in 
the medium (here, 5 glucose units out of thousands 
are shown being bound to the active site). Human 
saliva also contains extracellular a-amylase. 
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Box 4.10 Biotech History: 
Preserving Techniques— Heat, 
Frost, and the Exclusion of Air 


Bottling food to preserve it had been invented 
by French chef Nicolas Appert—without 
any awareness of the existence of microbes 
and 50 years before Pasteur discovered heat 
sterilization! 


FRANÇAISE 


WE 


APPERT-(841 2 


Chef Nicolas Appert (1749-1841), founder of the 
food preserves industry, on a French stamp. 


In 1795, Napoleon offered a prize to the 
person who could come up with a practical 
method of long-term food preservation so it 
could be taken on army campaigns. Appert 
worked on it for 14 years, heating food in 
bottles and jars, and making air-tight seals 
with cork. The working principle of vacuum 
sealing had been pioneered by Otto von 
Guericke (1602-1686) and Denis Papin 
(1647-1712) with their experiments. 


Otto von Guericke became famous for 

his experiments with the Magdeburg 
hemispheres, in which he demonstrated the 
enormous power of air pressure to a baffled 
audience at the Reichstag in Regensburg in 
1654. 


Fig. 4-44 Autoclaves sterilize media by pressurized 
steam in my Hong Kong lab. 
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Advertising for Weck bottling equipment (text: 
unequalled, unrivalled, unmatched in preserving 
food) and a Weck jar containing pineapple from 


1897. 


He created a vacuum by pumping out the air 
in two hemispheres he had put together and 
then used up to 16 horses to try and wrench 
them apart, and they failed! Little did he 
know that his discovery would be essential in 
vacuum-sealing food preserves. 


Appert's preserves would keep for months, 
and they were also tested by the French navy. 
In 1809, Appert received the prize of 12,000 
gold francs—a fortune worth about $315,000 
in today's money, according to historians. 

He publicized his method and thus became 
the founder of the modern food preserving 
industry. 


The only problem that remained was glass 
breakage. This was resolved by British 
industrialist Peter Durand (1790-1820) in 
1810. He produced steel containers lined 
with tin. The meat preserved in those cans 
was called embalmed meat. 


environment. Not only are they cheap, but 
it could also be very expensive to dispose of 
them in any other way. 


Biotechnology not only enables the use 
of otherwise wasted food resources 
but also helps to keep the environment 
clean. 


E 4.17 A Modern Biofactory 


In a modern biotech factory, there are no 
smoking chimneys, but bright, tiled halls 
with huge upright stainless steel contain- 
ers surrounded by a maze of pipes, valves 
and monitors, and outside, there are more 
steel tanks the size of furnaces. These are the 
bioreactors or fermenters. 


Sir John Franklin: did he and his 
men die from the lead of tin cans? 


On May 19, 1845, an expedition set off 
from London with 134 of the best British 
officers and crew of the British navy, 
under the command of Sir John Franklin 
(1786-1847). 


They were hoping to explore the Northwest 
Passage. Never before had an expedition been 
so luxuriously equipped: a hot water boiler 
for heating, a steam-powered propeller, iron 
ice shields and cans and heating materials for 
3 years. 


Who would have thought that none of those 
who took part in the expedition would be 
seen alive again? 


One of the major mysteries that remained 
was why such an experienced crew was 
unable to rescue themselves. In 1986, three 
of the sailors buried in the ice were carefully 
examined, and it turned out that what 

killed Franklin's crew was not, as had been 
surmised, hunger, cold, or scurvy, but massive 
lead poisoning. The lead had come from the 
canned preserves—a then still fairly recent 
invention. 


Modern bioreactors (Box 4.12) are technolog- 
ical miracles, the result of decades of research. 
Their development was spurred on by the hunt 
for penicillin. When Florey, Chain, and Heatley 
were looking for containers to grow molds in, 
they started off with small flat glass dishes. 


With the fungi floating on the surface of the 
nutrient solution (emersed culture), it was 
not possible to produce enough penicillin for 
the treatment of patients. The flat glass dishes 
also took up a lot of space. If it were possible 
to grow the fungus not just on the surface, 
but throughout the whole medium, i.e., sub- 
merged in the liquid, it would be far easier to 
grow them as well as save space. 


While Flemings P notatum wild-type strain 
could replicate only on the surface of a liquid, 


The ships carried 8,000 cans which had been 
soldered with lead. This must have been 
done under enormous time pressure, so the 
solder was applied to the inside of the cans 
and not sealed. Large amounts of extremely 
toxic lead thus seeped into the food and were 
ingested with it. Heavy metals destroy the 
disulfide bridges in proteins and act as 
enzyme inhibitors (see Chapter 3). 


Symptoms of lead poisoning are loss of 
weight, tiredness, irritability, paranoia, 

loss of concentration, and inability to take 
decisions. The tissue samples taken from the 
three sailors showed a 10-fold lead overdose. 
However, the lead hypothesis is only one of 
many attempts to explain the disastrous end 
of the expedition. 


Johann Carl Weck. 


Domestic users clearly could not go down 
the tin can route, as they needed reusable, 
clean containers. Breakage was not the huge 
problem it would have been on an industrial 
scale, so glass containers were still the vessels 
of choice. 


P. chrysogenum, the new Peoria type, thrived 
under water, as long as there was a good supply 
of oxygen. Pumping in oxygen as one would 
into an aquarium, Andrew Moyer (1899- 
1959) succeeded in growing P chrysogenum 
in submerged culture (see Box 4.8). 


Nowadays, penicillin is mainly produced in 
100,000—200,000 L bioreactors. 


In laboratory and small pilot plant conditions, 
bioreactors of a few liters’ capacity are suffi- 
cient for the study of microorganisms. In the 
next stage, scientists and engineers have to 
cooperate to ensure that a promising biotech- 
nological process also works on a 10,000-time 
larger industrial scale. 


This is called the scaling-up process and 
can prove quite tricky (Box 4.12). 


The original cork-and-seal method was 
replaced by glass or metal rings with rubber 
rings. 


Georg van Eyck. 


In 1842, John Kilner opened a production 
plant for suitable jars in Yorkshire, England, 
but failed to file a patent on his jars. Other 
firms picked up the idea, and the firm went 
bankrupt in 1937. John L. Mason in New 
York filed a patent for his jars in 1,858. Both 
types of jars are still in use, as are the Weck 
jars, popular in continental Europe 

and the United States. They were based 
on a method invented by Rudolf Rempel 
(1859—1893) and patented in 1892. 


Johann Carl Weck (1841—1914) and Georg 
van Eyck bought the patent from him and 
founded the Weck company in 1900. 


About 100 years after Franklin’s doomed 
expedition, US naturalist Clarence Birdseye 
(1886—1956) went on an expedition to 
Labrador for the US Geographic Service and 
noticed that fish and caribou meat that had 
been exposed to the icy arctic air still tasted 


The right temperature of the nutrient me- 
dium is another crucial aspect of optimizing 
living conditions for microbes. The tempera- 
ture at which most microbes will thrive lies 
between 68°F and 122°F (20—50*C)— pretty 
much the temperate to tropical climate range. 
This is why biotech factories can do without 
chimneys, whereas the production of chemi- 
cal compounds often requires temperatures of 
several hundred degrees Celsius. 


By contrast, many biotechnological processes 
even require cooling, which sometimes is 
more expensive than heating. Just like people 
cooped up in a small room, molds and other 
cells in a bioreactor give off heat during their 
metabolic processes. In order to prevent fatal 
overheating, the outer walls of bioreactors 
must be cooled with water. 
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fresh when cooked months later. Coming 
to the conclusion that rapid freezing to 
extremely low temperatures must be the 
secret to this freshness, he went home to 
develop a multiplate quick freeze machine 
which he patented. 


This machine could freeze meat instantly 
to —40°F/°C. In 1925, he produced the 
first frozen fish fillets, and soon other 
food products followed. After some initial 
problems, frozen food became a staple 
American food. 


When, during World War II, there was a 
shortage of tin due to the initial control of 
the Pacific by the Japanese, all available 

tin cans in the United States went into 

army provisions. These were ideal starting 
conditions for Birdseye's frozen food, as it did 
not require any tin... 
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More Weck company advertising. 


Fig. 4.45 Microorganisms (here bacteria) require 
specific nutrient mixes. 
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Fig. 4.46 The biosynthesis of 
penicillin from pyruvate in a cell. 


Fig. 4.47 The Third Man isa 
thriller from 1949 with Orson 
Welles. The script was written 
by Graham Greene. Penicillin is 
smuggled into postwar Vienna 
and adulterated for the sake of 
profit. 
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Bi 4.18 Heat, Cold, and Dry Conditions 
Keep Microbes at Bay 


Invisible foes threaten the existence of bioreactor cul- 
tures throughout their lifetime (Box 4.12). 


What use is the best penicillin-producing strain if un- 
wanted microbes in the nutrient medium gobble up 
the nutrients, inhibit the fungal growth, or secrete tox- 
ins into the medium? АП nutrients and the air that is 
pumped in must therefore be briefly heated to become 
microbe-free (sterile). 


The bioreactors are also sterilized using steam before 
any cultures are grown in them. 


There is a second strategy in place to avoid contami- 
nation—as long as the pressure inside the vessel is 
slightly higher than the outside pressure, it is difficult 
for any germs to penetrate inside. The contamination 
risk is highest around inlets and outlets. In order to keep 
them safe, hot steam is blown into pipe openings next 
to the valves. 


Heat is also used in the home and in the food industry 
to kill germs, i.e., noxious microbes. Think of boiling 
or pasteurizing milk, bottling fruit or preparing canned 
food—in all these processes, heat is used to kill bacte- 
ria and a large quantity of fungal spores (Box 4.10). As 
most containers are tightly sealed, microbes and oxygen, 
which most microorganisms need to thrive, are kept out. 
The older generation remembers incidents with bottled 
fruit when the seal was not airtight and the contents 
became moldy. 


Apart from extreme heat, cold can also be used to stop 
the unwanted growth of microorganisms. As most mi- 
crobes require warmth to grow, it makes sense to keep 
food in the refrigerator or freeze it. This is only a tempo- 
rary measure and does not kill the microbes. Many mi- 
croorganisms survive temperatures as low as — 196°C, 
as in liquid nitrogen. Food that has been thawed once 
must therefore be used up immediately, so as not to be- 
come a breeding ground for microbes brought back from 
the cold. 


Microbes also need water to survive, and that is why 
drying can inhibit their growth (prunes, dried meat 
and sausages, stockfish). Water is also extracted from 
microbes by osmosis through pickling (herrings) or 
the use of high-sugar solutions (syrup). The mi- 
crobes shrivel up and are unable to grow any further. 
Freeze-drying has become one of the most popu- 
lar modern preservation techniques. Concentrated 
alcohol works as a preservative not only by making 
bacterial cell membranes permeable (see Chapter 1) 
but also by dehydrating microbial cells. Not an excuse 
to drink... 


Finally, a wide range of microbe-inhibiting disinfec- 
tants has been developed. 


E 4.19 Downstream Processing 


Once microbial control has been dealt with and the 
process in the bioreactor has been completed success- 
fully, it is harvest time. The mix of mold, leftover 
nutrients, and penicillin is drained from the container. 
As the fungi have been secreting penicillin into the 
medium, obtaining the product is a straightforward 
process. The microbial cells are filtered off, and from 
the clear nutrient solution, the dissolved penicillin 
is precipitated. The resulting crystals can be easily 
separated. 


In analogy to the substrate preparation process for the 
bioreactor, known as upstream processing, the steps 
leading from the fermenting solution to the end product 
are called downstream processing. 


However, most products (e.g., many proteins) are not 
simply secreted into the nutrient solution, and in order 
to obtain the product, the microbial cells must be dis- 
rupted and the product separated from the rest of the 
cell content. This can be quite a laborious process, per- 
haps involving affinity chromatography (see Chapter 3) 
and adding to the cost of the procedure. 


E 4.20 Streptomycin and 
Cephalosporins — The Next Generation of 
Antibiotics 


Penicillin is very effective against a broad range of 
Gram-positive bacteria. When it was introduced into 
clinical practice, it led to a rapid and complete recov- 
ery from many bacterial infections, such as pharyngitis 
caused by streptococci, pneumonia caused by pneumo- 
cocci, and most staphylococcal infections. It also cured 
the often fatal meningococcal meningitis and some 
forms of fatal bacterial endocarditis. 


Such spectacular clinical success triggered an intense 
search for other natural antibiotics. 


There were two motives behind these efforts: Firstly, 
penicillin is not effective on Gram-negative 
bacteria such as Æ. coli, Salmonella, Pseudomonas, 
and Mycobacterium. Secondly, it turned out that even 
some Gram-positive bacteria are or can become resis- 
tant to penicillin. 


Selman Abraham Waksman (1888-1973) (Fig. 4.50) 
and his collaborators at Rutgers University developed a 
new technique that allowed the routine screening of the 


Box 4.11 Biotechnologically 
Produced Antibiotics — Sites and 
Modes of Action 


Almost 12,000 antibiotics have been isolated 
from microorganisms and a further 7,500 
from higher organisms. 


Antibiotics can be roughly grouped into three 
main categories, according to their mode of 
action: 


1. Cell Wall Inhibitors 


The f-lactam antibiotics (penicillins, 
cephalosporins, and their derivatives), 
featuring fourzmembered lactam rings, are the 
most important antibiotics, with a production 
of over 60,000 tons per year. They prevent 
peptide interlacing in bacterial cell walls. 

The main representatives of this group are 
penicillin G and cephalosporin C which form 
the bases of semisynthetic antibiotics. The cell 
membranes of yeasts and other fungi—not 
bacteria—are mainly disrupted by polyenes 
produced by streptomycetes. Some of them, 
such as nystatin and amphotericin B, are 
used to fight Candida infections, whereas 
pimaricin is used in cheese production. 


metabolic products of microorganisms in the 
soil to find antibiotic compounds. 


They isolated a new antibiotic produced by 
actinomycetes of the Streptomyces genus. 
Actinomycetes are Gram-positive, mottled 
and immobile bacteria that form a network of 
filaments. 


Streptomycin is an aminoglycoside, i.e., it con- 
sists of sugars and amino acids. 


The action of streptomycin is different from 
that of penicillin. It is effective against some 
Gram-negative bacteria. For the first time, it 
Was possible to treat tuberculosis effectively. 
Aminoglycoside antibiotics have a wide action 
range but are slightly toxic. The characteristic 


The glycopeptide vancomycin, derived 
from Amycolatopsis orientalis, inhibits 
the synthesis of bacterial cell walls and is 
used as a last resort to combat resistant 
Staphylococcus aureus infections. 


2. Protein Synthesis Inhibitors 


Tetracyclines are broad-spectrum antibiotics 
and the second most used group of 
antibiotics. Their annual sales exceed 1 billion 
dollars. They bind to the 30 S-subunit of 
ribosomes (see Chapter 3) and are exclusively 
produced by streptomycetes. Anthracyclines 
such as doxorubicin (Adriamycin) inhibit 
DNA replication by binding to the furrows 

in the helix and inhibiting topoisomerases 
(topoisomerases modify the spiraling of 

the DNA helix, thus affecting replication, 
transcription, and recombination). 


Chloramphenicol from Streptomyces 
venezuelae is historically the oldest broad- 
spectrum antibiotic, blocking peptidyl transferase 
in ribosomes. Griseofulvin is a fungistatic 
antibiotic, inhibiting cell division and the spindle 
apparatus in fungi. It is used to treat fungal skin 
infections and to protect plants from mildew. 


3. DNA Inhibitors 


Macrolide antibiotics inhibit Gram-positive 
bacteria by binding to the 50 S-subunit in 
ribosomes, thus interrupting the growth of 
polypeptides. Erythromycin and spiramycin 
are used in respiratory tract infections. The 
related tylosin (effective against mycoplasma) 
is used by pig farmers in China but banned in 
the EU. Its market value is $2.6 billion. 


Ansamycins such as rifampicin, a 
semisynthetic derivative, are the most 


smell of fresh soil comes from soil-inhabiting 
streptomycetes. 


Waksman and his team discovered more new an- 
tibiotics: actinomycin (1940), clavacin, strepto- 
thricin (1942), grisein (1946), neomycin (1948), 
fradicin, candicidin, candidin, and others. 


Two of these antibiotics, streptomycin and 
neomycin, are still widely used today. 


As early as 1945, Prof. Giuseppe Brotzu 
(1895-1976, Fig. 4.53) at the Institute of 
Hygiene, Cagliari, Italy, had been looking into a 
problem that has now grown into gigantic pro- 
portions—the pollution of the Mediterranean. 


He took water samples at a sewer outlet in 
Sardinia. He speculated that where bacteria 
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important antibiotics in the fight against 
tuberculosis and leprosy. They inhibit bacterial 
RNA polymerase, but not the eukaryotic 
equivalent (see Chapter 3) by binding to its 
p-subunit. The compound (rifamycin) used 
for semisynthesis of rifampicin is produced 
by Nocardia mediterranei (new genus name 
Amycolatopsis). Peptide antibiotics such 

as bleomycins produced by Streptomyces 
verticillus are major cancerostatic antibiotics. 
Cyclosporin is produced by 7olypocladium 
inflatum (Fig. 4.53) and used for 
immunosuppression. The worldwide tonnage 
produced every year is worth over a billion 
dollars. 


Bacitracin is a mixture of related cyclic 
polypeptides produced by Bacillus 
licheniformis. Its unique name derives from 
the fact that the bacillus producing it was 
first isolated from a knee scraping of a little 
girl named Tracy. As a toxic and difficult-to- 
use antibiotic, bacitracin does not work well 
orally. However, it is very effective topically. 


Macrolide 


Polypeptide chain 
antibiotic 


Ribosome 


Chloramphenicol 


Tetracycline 


Tetracyclines, chloramphenicol, and macrolide 
antibiotics all act on the ribosome inhibiting 
protein synthesis of the cell. 


Fig. 4.48 To store highly sensitive 
biochemical samples over a longer 
period of time, deep freezers (the one 
shown here goes down to — 80°C) 

are used, whereas cells are stored in 
liquid nitrogen (— 196°C). 
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Box 4.12 Bioreactors—Creative 
Space for Microbes 


At the heart of any biotechnological 
production plant is a bioreactor. 


It is, broadly speaking, a further development 
of the good old fermenting tank, but in 
contrast to its predecessor, it is surrounded 
by a wide range of elaborate technological 
paraphernalia. 


The development of bioreactors started 
with simple holes into which waste was 
dumped. Then, covered containers made of 
leather, wood, or ceramic were used for the 
production of alcohol or acetic acid. Real 
progress was made only after Pasteur’s 
work was accepted and concepts such as 
pure cultures, sterile environments and 
pure production became part of standard 
practice. 


Bioreactor types of historic significance are 
he surface reactor for the production of 
citric acid and the trickle film reactor, 

he percolating filter in aerobic sewerage 
processing. Both are easy to handle, but their 
time-space-yield ratio is low. 


In the 20th century, yeast production and 
the production of organic compounds 
acetone and butanol) and eventually 
penicillin called for bioreactors that permit 
precise management and control of the 
entire process. The most popular solution 
became the stirred tank reactor (STR). 
It is fitted with a thermostat, a stirring 
mechanism and gas supply, sterile inlets, 
and sampling valves. 


Stirred Tank Reactor (STR). 
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Processes involving bioreactors fall into two 
categories—discontinuous and continuous 
processes. 


In discontinuous or batch processing 
methods, the tank is filled with the entire 
starting material and the microorganisms 
before biochemical conversion begins. This 
can take between a few hours and several 
days. Eventually, the tank is emptied, and the 
end product is purified. The tank can then be 
used for another cycle. 


In a continuous process, the reactor is 
continuously supplied with starting material 
while equivalent amounts of the reaction 

mix containing the end product are taken 
out. The supply of new material and removal 
of the product must be finely balanced to 
achieve dynamic equilibrium. The production 
flow resembles that of an oil refinery, while 

batch production could be compared to the 

production process in a bakery. 


Both processing types can also be combined 
in a semicontinuous production situation 
where microbes remain in the reactor for 

90 days and are supplied with fresh broth on 
a daily basis. 


The choice of the process is determined by 
economic factors. In principle, continuous 
processes are more suited to large volumes (e.g., 
in sewage plants) than discontinuous procedures. 
However, batch production is still very popular 
where only small amounts are required. 


Nutrients 


Cooling water 


Cooling jacket 


A bioreactor can rapidly be switched to the 
production of other substances and is easy to 
Keep sterile. 


The various types of bioreactors can be 
classified in various ways. According to 
volume, we distinguish 


e Laboratory reactors (< 50L) 
e Experimental reactors (50-5,000 L) 


e Industrial reactors (> 501 up to 
1,500,000 L) 


The height/diameter ratio leads to the 
distinction between tank reactors (H/D = 3) 
and reactor columns (H/D > 3). 


According to their energy input, reactors can 
be classified as 


e Mechanically stirred reactors, which are 
the most versatile (e.g., for the production 
of antibiotics). 


e Hydrodynamic reactors (deep jet reactors) 
with an external liquid pump for the 
production of yeast for animal feed. 


e Pneumatic reactors (energy input through 
gas compression): airlift reactors with 
internal or external recirculation, e.g., for 
the production of single proteins (yeast 
from crude oil, bacteria from methanol) 
and sewage purification (“Tower 
Biology”). 


Airstream 
control 


Harvesting device 


When growing free cells, continuous 
recirculation of the fermenting content is 
crucial, and aeration is also needed because 
most processes are aerobic. For these 
reasons, stirring bioreactors are the most 
widely used type. Recirculation is achieved 
with the help of a stirring mechanism or 
pumps. 


An STR can have mechanical stirring 
turbines or propellers that blow in and 
disperse air. It is often a combination of both. 
Especially where the height/diameter ratio 
is greater than 1.4, it is essential to have 
multiple stirrers. 


More robust fermentation processes 
(submerged vinegar or yeast production 
processes or sewage works) use bioreactors 
without active air distribution 
mechanisms. The stirrer (propeller or 
turbine) creates turbulences to distribute the 
air evenly. Such reactors, however, are not 
suitable for more susceptible mammalian cells 
(see Chapter 3). 


In beer and yeast production, gases develop 
during the actual fermentation processes 


Historic Development of Bioreactors 
(fermenters). 


a. Covered hole in the ground 
(human waste, biogas). 


b. Simple container made of wood, 
leather, metal, or plastic (wine, 
beer, alcohol, vinegar, sour milk). 


c. Open reactor (brewery) with 
temperature control. 


d. Sterile reactor for controlled 
fermentation (yeast, specific 
chemicals). 


e. Stirred reactor (antibiotics). 


f. Tubular tower reactor (beer, wine, 
vinegar). 


g. Airlift reactor with internal 
recirculation (yeast from crude 
oil). 


h. Airlift reactor with external 
recirculation (bacteria from 
methanol. 


(CO;). In hydraulic stirring reactors, pumps 
are responsible for recirculation. 


АП bioreactors we have looked at so far use 
homogenous mixes of nutrient medium and 
cells. 


In membrane reactors, by contrast, the 
catalyst (cell or enzyme) is separated from 
the product by a membrane that cannot be 
penetrated by the biocatalyst. Such a reactor 
was shown in Chapter 2 in the enzymatic 
production of amino acids. 


In a specific type of membrane reactor, 
the hollow fiber reactor, the enzymes 
or cells are immobilized on the outer 
surface of the fibers. The medium flows to 
the biocatalyst through the hollow fiber. 
Throughput and thus productivity in a 
small space can be raised by using bundles 
of hollow fiber. 


Fixed bed reactors are filled with 

carrier material (e.g., porous glass, 

cellulose) with a large surface. They are used 
as enzyme reactors (see Chapter 2) and for 
sensitive cells of higher forms of life (see 
Chapter 3). 
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Bacterial culture: E. coli and Klebsiella 
pneumoniae on Levine agar. 


Production plant for growing 
microorganisms. 


Process development in a technical center 
for fermentation processes. 


Molecules of different sizes are separated 
using membranes in an ultrafiltration plant. 


Separation of cells and fermentation 
medium using centrifuges. 


Low-contamination filling at the end of the 
production process. 
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Box 4.13 Primary and Secondary 
Metabolites 


In Chapter 1 we looked at classical metabolic 
end products such as ethanol and lactic acid. 
They are produced in fermentation processes 
to ensure the mere survival of the microbes. 


Essential primary metabolites are 
synthesized by the cell because they are 
indispensable for their growth. Economically 
significant are amino acids (threonine, lysine, 
phenylalanine, tryptophan, and glutamate), 
vitamins (Bz and В|»), and nucleotides 
(inosine-5-monophosphate (IMP), guanosine- 
5-monophosphate (GMP)). 


Natural microbial production of these 
substances is not excessive, as it requires 
extra energy and carbon. 


Producing a surplus would put microbes at 

a selective disadvantage compared to those 
that only produce what they need. In order to 
enhance microbial production, it is necessary 
to interfere with their regulatory mechanisms. 


Secondary metabolites are produced only 
in a later stage of the life of a cell and are not 
needed for the actual growth process. Often, 
their natural function is not known. 


| 


Concentration 


Lag Exponential 
phase (log) phase 


over competitors by inhibiting their growth, 
but there are other compounds as well, such 
as mycotoxins and pigments. 


Primary metabolites (e.g., ethanol and amino 
acids) accumulate in the bioreactor during 
the growing phase, whereas secondary 
metabolites (e.g., penicillin) reach their 
maximum only after the growing phase. 


Stationary phase 


Primary metabolites 
Secondary metabolites 


Number of cells 


M Nutrients 


Dò 2 Тіте 


Decaying phase 


All that is required for the production of 
primary metabolites is to optimize the growing 
conditions for the bacteria or yeasts. As long 

as they proliferate, the amount of primary 
metabolites will increase. By contrast, if 
penicillin, the secondary metabolite of a mold 
fungus, is produced, its concentration will peak 
only after the fungus has stopped growing. 


Many of these secondary products, e.g., 


antibiotics, give the microbes an advantage 


Fig. 4.49 In clean rooms, 
special care must be taken, e.g., 
protective clothing must be worn. 


Fig. 4.50 Selman Abraham 
Waksman (1888-1973) coined the 
term “antibiotic.” 
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This is significant for their production. 


causing intestinal diseases are present, their natural 
enemies cannot be far away. He duly discovered the 
mold C. acremonium (now renamed A. chrysogenum, 
Fig. 4.52) which produces compounds inhibiting a 
whole host of bacteria. 


Brotzu’s findings were published in a rather obscure 
Italian University review, and it was pure chance 
that it came to the attention of a group of antibi- 
otic hunters in Oxford. They then found out that the 
Acremonium produces not just one, but several re- 
lated antibiotics. 


One of them, Cephalosporin C, proved particularly 
effective against penicillin-resistant Gram-positive patho- 
gens (see Box 4.10). 


Penicillins, cephalosporins, and streptomycin may have 
been the most important discoveries in the early years 
of antibiotic research, but they were by no means the 
only ones. 


The number of newly discovered antibiotics increased 
between the late 1940s to the early 1970s to approx- 
imately 200 a year. At the end of the 20th century, 


It is thus a matter of finding a balance between 
ideal growth conditions and high yields. 


it hit a record mark of 300 compounds per year. Up 
to now, 8,000 antibiotics have been isolated from 
microorganisms and 4,000 from higher organisms 
(Box 4.11). Over 100,000 tons of penicillins and 
cephalosporins are produced per year worldwide. 
China leads again! 


While cephalosporins are exclusively used in humans, 
penicillins are also widely used (and often misused) in 
animals reared for meat production. 


However, soon after the first successes in the war of 
humans against microbes, the counter-attack began, 
showing that evolution is very much an ongoing 
process. 


E 4.21 The Race Against 
Microbial Resistance 


The great Louis Pasteur wrote: “Bacteria will have the 
last word, Messieurs!” How right he was! 


After penicillin had been successfully used for several 
years, there was a dysentery outbreak in Mexico in 


1972, and in 1975, promoted by widespread prostitu- 
tion, an epidemic of gonorrhea in the Philippines. 


Gonorrhea is a sexually transmitted disease that has 
been known for centuries, but only antibiotics provided 
a definite cure. 


It turned out that in the Philippines, prostitutes had 
taken penicillin for a long time in order to protect 
themselves from gonorrhea. They were thus providing 
an environment that led to the selection of resistant 
Neisseria gonorrhoeae bacteria. Bacteria that become 
resistant produce enzymes that inactivate penicillin. 
These hydrolases, which are called f-lactamases, break 
up the B-lactam ring in penicillin or cephalosporin 
(Box 4.11) into inactive penicillanic and cephalospo- 
ranic acids. 


Hospitals have become increasingly dangerous places 
for patients, who run the risk of being infected with 
antibiotic-resistant bacteria (nosocomial infections). 
In 2019, an estimated 1.7 million hospital-acquired 
infections occurred in the United States. Seventy-five 
thousand patients died from it. 


Attempts are being made to outwit the microbes. 


In the pharmaceutical industry, the main product is pen- 
icillin G which carries a benzyl side chain. 


The side chain is cleaved off using specific immobilized 
enzymes (penicillin amidases) and a new group is joined 
in. The results are novel semisynthetic antibiotics to 
which the microbes have not (yet) developed resistance 
(see Chapter 2). 


It is a race against bacteria, which is compounded by 
the massive use of antibiotics in animal breeding where 
it is used to enhance growth and prevent infection 
(Box 4.13). 


As we saw before, bacteria exchange plasmids carrying 
genes for antibiotic resistance. 


What we observe in the contest between bacteria and 
antibiotics is evolution, as Darwin and Wallace de- 
scribed it—mutation, selection, survival of the fittest, 
and the best-adapted. 


E 4.22 Cyclosporin—A Microbial Product 
Used in Transplants 


From 1957, whenever employees of Sandoz, Basel, 
went for a holiday or on a business trip, they were 
asked to bring back a plastic bag with soil samples from 


all over the world. These were then put in a da- 
tabase and screened for organisms producing new 
antibiotics. 


It took them until 1970 to make a discovery—the 
fungus Tolypocladium inflatum was isolated from 
soil samples from Wisconsin, USA, and Hardanger 
Vidda in Norway. 


Much to the disappointment of the researchers, the 
substance they found was only effective against some 
other fungi, and it did not even work very well at 
that. 


However, the antibiotic, which was given the lab 
classification 24-556, had one remarkable prop- 
erty. Although it had some antibiotic effect on 
fungi, it was only slightly toxic to lab animals, 
and this was the reason why it underwent further 
testing. 


In 1972, the tests had sensational results: the new 
substance, a ring-shaped peptide consisting of 
eleven amino acids, suppressed the human immune 
System. 


There had been earlier immunosuppressants that 
suppressed the rejection of transplant organs. 


Their major drawback was that they usually put the 
whole immune defense system out of action, and the 
slightest infection could kill the patient. 


With 24-556 or cyclosporin A (Fig. 4.56), as it is 
known today, this does not happen. When it is taken 
up, it binds to specific receptors in T-lymphocytes. 
The T-cells are the most important cells in the spe- 
cific defense of the body (see Chapter 5). 


The compound initiates a reaction cascade that stops 
the production of interleukin-2. Interleukin is a 
messenger substance (lymphokine) required for the 
activation of the immune system. It is involved in 
inflammatory reactions. 


By its inhibition of T-lymphocytes and blockage of 
nterleukin-2 production, cyclosporin suppresses the 
immune system. 


_. 


The microbial product cyclosporin and its derivatives 
led to a dramatic increase in successful heart, 
kidney, and lung transplants since the early 
1980s. 


Cyclosporin is one of the few peptides that can be 
taken orally (Fig. 4.58). 
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Gram-positive? 


Gram-positive, Gram-negative, and 
Gram staining are expressions that 
go back to Danish researcher Hans 
Christian J. Gram (Fig. 4.51) who, 
working in his medical lab, more 
or less accidentally discovered 
that due to a difference in their 
cell wall structure, Gram-positive 
and Gram-negative cells differ in 
their capacity to retain Gentiana 
violet dye when washed with an 
iodine potassium solution and 
alcohol. Those that remain deep 
blue (Gram-positive) are mostly 
spherical bacteria (pneumococci, 
streptococci), whereas pale pink 
or red (Gram-negative) bacteria 
are mostly rod-shaped (E. coli or 
salmonella). 


Fig. 4.51 Hans Christian 
Joachim Gram (1853-1938). 


Fig. 4.52 Acremonium 
produces cephalosporins. 


ERSE 


Fig. 4.53 Giuseppe Brotzu 
(1895-1976) discovered 
the cephalosporins. 


тт. 


Fig. 4.54 Tolypocladium inflatum 
produces cyclosporin. 
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Box 4.14 Biotech History: 
Mexico, the Father of the Pill, and 
the Race for Cortisone 


The son of Jewish physicians, Carl 
Djerassi (1923-2015), grew up in prewar 
Vienna and fled the Nazis in 1938. 

fas Cone n on 


1958 VERTRIEBEN 
2005 — VERSÓHNT 


—0U0»0zm-U гаро 


When he was 16 years old, he arrived in 
New York penniless. A few years later, 

he graduated as Phi Beta Kappa member 
from Kenyon College in Ohio. His first 

job was as a junior chemist with Swiss 
pharmaceutical company CIBA, where 

he was part of the team discovering the 
antihistamine pyribenzamine. He obtained 
his PhD at the University of Wisconsin 

and then went to work at a little known 
Syntex lab in Mexico City. This Mexican 
lab became a center of steroid research 
and synthesis within a short time. They 
joined the worldwide race to synthesize 
cortisone. It was here that Djerassi directed 
the synthesis of the first oral contraceptive 
for women and became known throughout 
the world as the father (or mother, as he 
preferred to say) of the contraceptive pill. 


In the following, Carl Djerassi describes 
the exciting hunt for cortisone (extracted 
and shortened from his two volumes of 
memoirs by me, RR): 


Carl Djerassi at Syntex 
with his assistant 
Arelina Gomez. 


The telegram dated June 8, 1951, bore the 
name of Tadeusz Reichstein, who the 
year before had shared the Nobel Prize in 
medicine for his isolation and structural 
elucidation of cortisone. 


The telegram—sent from Basel to Mexico 
City and then to the site of tiny Syntex, S. 
A.—said only, "No depression." 
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Diosgenin 


Carl Djerassi with Alejandro 
Zaffaroni pointing at the key 
chemical feature of all steroid 
contraceptives. 


It signified that the melting point 
of the authentic steroid, isolated 


Progesterone 


by Reichstein from adrenal glands, 
was not depressed when mixed 
with the synthetic specimen we 
had dispatched to Switzerland. (In 
1951, a "mixed melting point" 
was one of the standard ways of 
establishing an identity between 
two crystalline chemicals. 


Thus, our unknown research group—the 
oldest member of which, was, at age 34, 
7 years my senior—won the race. 


Those were the days of unrestrained 
optimism when cortisone was believed to 

be a wonder drug for treating arthritis and 
other inflammatory diseases. Philip Hench 
(1896—1965), one of Reichstein's fellow 
Nobel Prize winners from the Mayo Clinic, 
had shown movies in 1949 of helpless 
arthritics receiving cortisone and then, in 
days, getting up to dance. The only problem 
was that cortisone cost nearly $200 per gram, 
and depended on not readily available starting 
material: slaughterhouse animals. 


In 1944, it had taken Lewis H. Sarett 
(1917—1999) of Merck & Company in 
Rahway, New Jersey, 36 chemical steps to 
synthesize cortisone from cattle bile. Thus, 

a potentially unlimited source for cortisone 
was needed: if not through total synthesis— 
building from scratch from air, coal or 
petroleum, and water—then through partial 
synthesis, starting with a naturally occurring 
steroid and transforming it chemically into 
cortisone. Sarett had prepared the first 

few grams of cortisone by such a partial 
synthesis—somewhat akin to the conversion 
of a barn into a villa, the bile acid being his 
barn, cortisone his villa. Here I shall try to 
emulate Einstein's dictum: “We should make 
things as simple as possible, but not simpler." 


My friend 

Carl Djerassi 
(right) in Hong 
Kong with the 
nutritionist 
Prof. Georges 
Halpern (left). 


Cortisone 


The starting material our Syntex team chose, 
as a more widely available alternative to 
Sarett's bile acid, was diosgenin. 


At first glance, the choice seems to make 
neither chemical nor geographical sense. 
While its chemical structure does contain 

the four rings typical of steroids, diosgenin is 
burdened by extraneous chemical appendixes, 
encompassed by two more rings attached to 
positions 16 and 17 (see Figure, rings E and F). 


Diosgenin, however, had been the raison 
d'étre for Syntex's formation just a few 

years earlier. In the late 1930s and early 
1940s, Russell E. Marker (1902-1995), а 
brilliant but unorthodox chemistry professor 
at Pennsylvania State University, conducted 
research on a group of steroids called 
"sapogenins," compounds of plant origin 
so-called because their chemical combination 
with sugars (termed "saponins") display soap- 
like qualities in aqueous suspension. 


Natives of Mexico and Central America, 
where saponin-containing plants occur wildly 
and in abundance, had long used them for 
doing laundry and killing fish. 


Marker concentrated on the chemistry of 
the steroid sapogenin diosgenin, which was 
present in certain types of inedible yams 
growing wild in Mexico. He discovered an 
exceedingly simple process whereby the two 
complex rings (for us, molecular garbage) 
could be degraded to a substance and then 
easily transformed chemically into the female 
sex hormone progesterone. 


In 1944, unable to convince any American 
pharmaceutical firm of the commercial 
potential of diosgenin, Marker formed a 
small Mexican company named Syntex (from 
Synthesis and Mexico). 


A few months later, Syntex started to sell 

to other pharmaceutical companies pure, 
crystalline progesterone prepared from 
diosgenin by partial synthesis in five steps. 
Within a year the partners had a disagreement, 
and Marker left the company. His partners 
Emeric Somlo and Federico Lehmann, 
looking for another chemist who could 
reestablish the manufacture of progesterone 
from diosgenin at Syntex, recruited Dr. George 
Rosenkranz from Havana. A Hungarian like 
Somlo, Rosenkranz had received his doctorate 
under the Nobel laureate Leopold Ruzicka 
(one of the giants of early steroid chemistry) 
and read Marker’s publications. 


Within 2 years, Rosenkranz had not only 
reinstituted at Syntex the large-scale 
manufacture of progesterone from diosgenin 
but, even more important, had achieved 

the large-scale synthesis, from these same 
Mexican yams, of the commercially more 
valuable male sex hormone testosterone. 
Both syntheses were so much simpler 

than the methods used by the European 
pharmaceutical companies—such as CIBA, 
then dominating the steroid hormone field— 
that in a short while tiny Syntex broke the 
international hormone cartel. As a result, 
prices were lowered considerably, and these 
hormones became much more available. 


In the late 1940s, Syntex served as bulk 
supplier to pharmaceutical companies 
throughout the world, but few people outside 
these firms even knew of the existence of this 
small chemical manufacturing operation in 
Mexico City, which was soon to revolutionize 
steroid chemistry and the steroid industry 

all over the world. By the spring of 1951, 
however, everyone was taking at least one 
Mexican coup seriously. By then our Syntex 
team had published a “Communication” in the 
JACS. Another “Communication” recorded our 
discovery of a novel path to the characteristic 
ring—structure of cortisone or other hormones, 
such as progesterone, from an intermediate that 
was particularly suitable to steroidal sapogenin 
precursors such as diosgenin. 


At this point, we moved into the two-shift 
mode, which led to the synthetic crystals that 
were shipped to Reichstein in Switzerland. 
Within hours of the arrival of the “no 
depression” telegram, I wrote the first draft of 
our “Communication” entitled “Synthesis of 
Cortisone.” 


Our successful synthesis of cortisone from 
diosgenin had permanently placed Mexico 
on the map of steroid research. It was, 
moreover, Upjohn’s requirements for tons of 
progesterone—a quantity that at that time 
could be satisfied only from diosgenin—that 
started Syntex on the way to becoming 


a pharmaceutical giant. The process was 
accelerated by our synthesis—a few months 
later, again in Mexico City—of the first oral 
contraceptive. Reichstein’s telegram, "No 
depression,” of just a few months earlier 
applied to cortisone, but not to us. We were 
elated: Que viva México! 


The press conference announced the first 
synthesis of cortisone from a plant source at 
Syntex in Mexico City, 1951. Left to right: Gilbert 
Storck, Juan Pataki, George Rosenkranz, Enrique 
Batres, Juan Berlin, Carl Djerassi, and Rosa 
Yashin. 


Life magazine featured our team, most in 
immaculate white lab coats, grouped around a 
gleaming glass table and apparently mesmerized 
by an enormous yam root, which overwhelmed 
the molecular model of cortisone lying next to 
it. Rosenkranz held a test tube, filled almost to 
the brim with white crystals—the chemist’s 
equivalent of the climber’s flag on top of Mount 
Everest. For the photographer's benefit, the 
tube had been filled with ordinary table salt, 
because at that time we had synthesized only 
milligram quantities of cortisone. 


Ironically, none of the cortisone triumphs from 
our laboratory and those of our competitors 
at Harvard and Merck that appeared in the 
August 1951 issue of the Journal of the 
American Chemistry Society contributed 

o the treatment of a single arthritic patient 
because of the appearance of a newcomer, 
whose participation in the race was not even 
known. A few months after our publication, 
Syntex's management received an inquiry 
from the Upjohn Company of Kalamazoo 
(Michigan), asking whether we could supply 
them with 10 tons of progesterone. 


Since the world's entire annual production at 
hat time was probably less than 100th that 
amount, such a request seemed outlandish. 

о one in our group could conceive of a 
medical application of progesterone that could 
require tons of the stuff. We concluded that 
Upjohn was planning to use progesterone 

as a chemical intermediate rather than as a 
herapeutic hormone. 


Our conclusion proved correct when, a few 
weeks later, we learned through a patent 
issued to Upjohn in South Africa (where 
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patents are granted much more rapidly than 
in the United States) that two of its scientists, 
Durey H. Peterson and Herbert C. 
Murray, had made a sensational discovery: 
fermentation of progesterone with certain 
microorganisms resulting in a one-step key 
transformation on the way to cortisone. 


What we chemists had accomplished 
laboriously through a series of complicated 
chemical conversions, Upjohn's microorganism 
with its own enzymes did in a single step! 


Only a few months later, Djerassi found 
solace by synthesizing with Georg 
Rosenkranz and Luis E. Miramontes the 
progestin norethindrone which, unlike 
progesterone, remained effective when 
taken orally and was far stronger than 

the naturally occurring hormone. Djerassi 
remarked later that "not in our wildest 
dreams... did we imagine (it)," though he 
is now referred to as the Father of the pill. 


Author of over 1,200 scientific publications and 
seven monographs, Carl Djerassi was one of the 
few American scientists to have been awarded 
both the National Medal of Science (1973, for 
the discovery of oral contraceptives—"the pill") 
and the National Medal of Technology (in 1991, 
for promoting the new approaches to insect 
control). He was inducted into the National 
Inventors Hall of Fame. Djerassi was Professor 
of Chemistry at Stanford University from 1959 
until his retirement in 2002. 


In his second career, multitalented Djerassi 
has turned from practicing chemistry to 
writing five “science-in fiction” novels. 
Recently he has embarked on a trilogy of plays 
with emphasis on contemporary cutting-edge 
research in the biomedical sciences. 


Cited Literature: 


Djerassi C (1992) The Pill, Pygmy Chimps, 
and Degas Horse. BASICBOOKS, New York. 


Djerassi C (2001) This Man’s Pill, Oxford 
University Press. 


Excerpts reprinted by permission of Oxford 
University Press. 
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Fig. 4.55 Microorganisms play a part in the production of therapeutically relevant steroids. 
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Fig. 4.56 Edward Kendall (seated) and his 
team discovered cortisone. The structure of 
cortisone is shown in the box to the right. 
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Bi 4.23 Steroid Hormones — 
Cortisone and the 
Contraceptive Pill 


While microorganisms are involved in all 
production steps of the industrial production 
of antibiotics, they may only be required for 
a few steps in the far longer production pro- 
cesses of other medications that partly involve 
nonbiological synthesis. The production of 
steroid hormones is a case in point. 


In the early 1930s, Edward C. Kendall 
(1866-1972, Fig. 4.55) of the Mayo 
Foundation and Tadeusz Reichstein (who 
had developed the synthesis of vitamin C, 
see Box 4.5) of the University of Basel iso- 
ated cortisone, a steroid hormone produced 
by the adrenal cortex. This gained them 
the Nobel Prize. About a year later, it was 
discovered that cortisone provided pain re- 
ief to patients suffering from rheumatoid 
arthritis. Immediately, the demand for it 
went up considerably. In view of the hugely 
increased sales, a chemical production pro- 
cess was developed, but it seemed to be 
very complicated. The procedure envisaged 
by Merck & Co involved 37 steps, many of 
which required extreme conditions, to ob- 
tain cortisone from bovine bile acid. A gram 
of cortisone obtained in this way was worth 
$260 (Box 4.14). 


Through microbial hydroxylation—in this 
case the fungus Rhizopus arrhizus—it was 
possible to cut down the synthesis process 
to just 11 steps and bring down the price per 
gram of cortisone to about $9.70. 


Microbial hydroxylation not only cut synthe- 
sis time it also did not require high pressures 
and temperatures or expensive nonhydrous 
solvents. Instead, the synthesis could be run 
at 37°C at the normal atmospheric pressure 
in ordinary water. This also contributed to the 
drop in production costs, and after several fur- 
ther improvements in the production method, 
the price per gram fell below $1.30. 


The only source of raw material was the 
wild yam (Dioscorea villosa, Fig. 4.57) root, 
which provided the starter substance dios- 
genin. Until 1975, more than 2,000 tons per 
year were processed, which led the Mexican 
government to believe they had a monop- 
oly on it. Inspired by the successful OPEC 
price negotiations on crude oil, the Mexican 
producer Proquivenex decided on a 10-fold 


price increase for diosgenin. This did not go 
down well with the international pharma- 
ceutical companies who usually dictate the 
price. They responded by looking into alter- 
native methods, mainly the microbiological 
degradation of by-products from soybean pro- 
duction, the steroids sitosterol and stigmas- 
terol (Fig. 4.54). Diosgenin was thus replaced 
within a very short time. 


Two years after the Mexican firm had raised its 
prices so dramatically, it had to climb down in 
an equally dramatic way, but by then, nobody 
was interested in a product from such an un- 
reliable source. The market for diosgenin had 
collapsed. There is a lesson to be learned—in 
biotechnology, there is no such thing as 
irreplaceable source material! 


The cortisone case also shows—as we have 
already seen when looking at vitamin C— 
that biotechnology and chemistry are not 
opposites, but can be combined. In the 
coming decades, we will see more combined 
biological and chemical processes. Microbes 
or their enzymes take over those produc- 
tion stages that would be very expensive or 
labor-intensive if carried out chemically. 


Organic Chemists’ Prayer 
(unknown origin) 


Oh, Lord! 

I pray on bended knees, 
Make sure 

that all my syntheses 
Will never be inferior, 
To those conducted 

by bacteria... 
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Fig. 4.57 Structure of cyclosporin. 


Fig. 4.58 Plants used for steroid 
production: soybeans and yams. 
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Prokaryotic and 
Eukaryotic Cells: 


Microscopic Gigantic 
Synthesis Factories 
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The digitized version of the Roche Applied 
Science “Biochemical Pathways” wall chart 
can be accessed from https://www.roche. 
com/sustainability/philanthropy/science_ 
education/pathways.htm Gerhard Michal, 
(b. 1931, see photo) created Biochemical 
Pathways. The starting point wasa poster 
which he created in 1956, known as the 
Boehringer poster. It visualized biochemical 
and metabolic pathways and was used all over 
the world. 
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It has since evolved dramatically. On the current 
web version, you can click on individual 
segments to view them in detail. A phantastic 
journey through the synthetic factory of living 
cells! 
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* The Biochemical Engineering Research Network (BERN): https://www.icheme. 
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resources 


e A starting point for all areas, the Wikipedia! For example, Biochemical Engineering: 
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e BRENDA database, created by Dietmar Schomburg (University of Braunschweig). A 
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enzymes: https://www.brenda-enzymes.org/ 


e Enzyme Structures Database links to the known 3-D structure data of enzymes in the 
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Fig. 4.59 The unchecked use of antibiotics in medicine and 
agriculture risks blunting a medical wonder weapon—a 
dangerous development! 
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8 Self-test Questions 


1. What is umamiand why is it not feasible/sensible to 
produce it through chemical synthesis? 


2. How could a humble bread mold ruin the Italian citrus- 
growing industry within a very short time? 


3. In what way did the discovery of lysozyme help in the 
later discovery of penicillin? 


4. What phenomenon enables lactose to switch the 
production of lactose-transporting and degrading proteins 
in Е. coli on or off? 


5. How did the fruit fly Drosophila turn the Roche company 
in Basel into the largest vitamin C producer in the world? 
Can you poison yourself with vitamin C? 


6. How does penicillin work? How can a bacterium defend 
itself against penicillin? Why must penicillin be taken as 
prescribed, and why should treatment not be abandoned 
early? 


7. What are the names of the nine essential amino acids (use 
mnemonic!), and what makes them essential? 


8. Two very different types of bioreactors can be used for 
biomanufacturing: permanent steel bioreactors and 
disposable bioreactors where cells are grown in plastic 
bags. What are their respective advantages and weak 
points? 
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Never underestimate 
the power of the microbe! 
Jackson W. Forster (1914-1966) 
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OUR BODY IS A HIGHLY CONCENTRATED SOURCE 

OF DELICIOUS NUTRIENTS, 

A COZY HOME FOR COUNTLESS BACTERIA, 

AT A CONSTANT TEMPERATURE OF 37?C. 

WHY ARE WE NOT EATEN BY THEM WITHIN A FEW DAYS? 

WE MUST UNDERSTAND ALL THE TRICKS THE OF OUR IMMUNE SYSTEM, 
HOW CELLS, ANTIBODIES AND MANY OTHER MOLECULES COOPERATE 
IN ORDER TO PREVENT EXACTLY THAT. 

WE WILL THEN POSSESS THE TOOLS 

THAT WILL HELP US TO DEFEAT MOST DISEASES. 

THESE TOOLS ARE NOT SIMPLY PAUL EHRLICH'S MAGIC BULLETS, 

AS THE FOUNDER OF IMMUNOLOGY CALLED THE ANTIBODIES DISCOVERED — 
A HUNDRED AND THIRTY YEARS AGO. 


BY NO MEANS! 


MANY MORE COMPONENTS THAN JUST ORDINARY ANTIBODIES ARE NEEDED. 
WE REALLY MUST UNDERSTAND 

HOW THE MANY EFFECTORS IN THE IMMUNE SYSTEM INTERACT 

IN A SOPHISTICATED DIVISION OF LABOUR. 

DESIGNER BIOMOLECULES THAT CARRY SEVERAL FUNCTIONAL DOMAINS 

OR DESIGNER CELLS WITH NEW COMBINATIONS OF RECEPTORS 

MUST TAKE ENTIRELY NEW SHAPES. 


THEY WILL THEN GO FAR BEYOND 
WHAT THEIR NATURAL, MILLIONS OF YEARS OLD PREDECESSORS COULD ACHIEVE. 


Stefan Dübel 
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Fig. 5.1 Malik Peiris, who 
discovered the SARS virus in 
2003. 


Fig. 5.2 In spite of the SARS 
(Severe Acute Respiratory 
Syndrome) outbreak, my 
biotechnology lectures in Hong 
Kong continued. The topic, 

of course, was “detection of 
viruses”... 


Fig. 5.3 The SARS virus is 

a coronavirus. It works in a 
different way from, say, the 
AIDS virus. It introduces its 
single-stranded RNA into 

the host cell and uses RNA- 
dependent RNA polymerase to 
produce mirror image copies. 


Fig. 5.4 А new global threat 
could come from combined bird 
and human influenza viruses. 
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Bi 5.1 Viruses — Borrowed Life 


Viruses fail to fulfill the classic criteria for a living or- 
ganism, i.e., they have no metabolism of their own 
and they use the reproductive mechanism of their host 
animals, plants, or bacteria for their own reproduction. 
This inability to reproduce outside host cells makes it 
impossible for them to survive independently. If they are 
not living organisms, what are they? 


They are basically small programs that are added into 
the genome of their hosts, hijacking their reproductive 
mechanisms to produce more viruses—very much like 
computer viruses. 


Because viruses use the hosts' metabolic functions, in- 
hibitors such as antibiotics have no effect on them— 
there is no metabolism to be disrupted. The only point 
of possible intervention is viral interaction with the host 
(Figs. 5.5 and 5.6). 


There are two kinds of viruses—enveloped viruses 
and naked viruses. The genome of naked viruses is 
protected by a capsid (Engl. core), whereas envel- 
oped viruses form their envelope by pinching off a 
bud from the host's cell membrane into which they in- 
sert virus-coded proteins. This lipid—protein viral enve- 
lope contains a capsid, similar to that of naked viruses 
(Fig. 5.8). 


Unlike microorganisms, viruses only require their 
nucleic acid and a host cell for their reproduction. 
Some viruses, however, also contain the enzymes 
they need for replication. This applies to retroviruses 
that contain reverse transcriptase in their capsid (see 
Chapter 3). 


Viruses are completely dependent on their host 
cells as far as the reproduction of their nucleic acid and 
the synthesis of their proteins is concerned. 


Some viruses reproduce using the lytic cycle (Greek 
lysis, dissolution—a word that also gave the name to 
Fleming’s lysozyme) (see Chapter 2), during which the 
virus is released and destroys the host cell. 


Other viruses prefer a nonlytic cycle in which they 
form buds that are pinched off from the cell membrane 
(this is how it works in enveloped viruses such as influ- 
enza viruses or HIV). 


АП viruses contain a single type of nucleic acid: RNA 
or DNA. They are classified according to their 
nucleic acid, their protein covers, and their host 
specificity. 


Examples of RNA viruses include the AIDS virus HIV, 
the influenza viruses, the measles virus, the rabies virus, 


and a plant virus known as tobacco mosaic virus (TMV, 
see Chapter 3). The latter two are rod-shaped. Other 
viruses in this category include the picornavirus group, 
e.g., poliovirus and rhinovirus, which is responsible for 
colds (Fig. 5.5), and the Ebola virus that has caused so 
many deaths in Africa. 


The SARS (Severe Acute Respiratory Syndrome) 
virus was a major cause for concern, especially in Hong 
Kong, China, and Canada in 2002/3 (Figs. 5.1 and 5.3). 
This is another RNA virus, called a coronavirus, be- 
cause its surface resembles a crown (corona, Latin for 
crown). 


By the end of 2019, a close relative to the SARS virus, 
named SARS-CoV-2, had spread in the city of Wuhan, 
China, causing a far more serious pandemic. 


DNA viruses include, e.g., papovaviruses, which 
mostly cause warts, but some species may cause tumors. 
Others are Variola (smallpox) and Vaccinia (cow- 
pox) viruses, herpes viruses, adenoviruses (causing 
infections of the mucous membrane), bacteriophages 
that attack bacteria (Greek phagein, to eat), and bacu- 
loviruses that exclusively attack insects. 


Bi 5.2 How Viruses Attack Cells 


Viruses always bind first to the surfaces of cells 
(Fig. 5.6). DNA viruses such as bacteriophages inject 
their genetic material (double-stranded DNA) into the 
bacterial cell (Fig. 5.6, left). With the help of the bac- 
terial cell, they produce enzymes (DNA and RNA poly- 
merase) that are used to synthesize DNA and mRNA. 
The viral mRNA is synthesized by the bacterial RNA 
polymerase and read by the bacterial ribosome. Thus, 
the bacterial cell produces the viral protein envelope 
as well as its DNA from bacterial building blocks. 
Eventually, the parts that make up a bacteriophage as- 
semble join to form a complete bacteriophage that 
lyses the host cell. 


In some cases, however, viral DNA is inserted into bac- 
terial DNA without lysing the cell. Such DNA is called 
dormant viral DNA, which will only be released and 
reproduced in later bacterial generations. In animal cells 
(Fig. 5.6, right), viruses bind to receptors on the cell 
surface, and the protein envelope merges with the cell 
membrane to let the virus enter. 


In RNA viruses of the retrovirus group (e.g., HIV), 
single-stranded RNA enters the cell and is converted 
into double-stranded DNA with the help of an en- 
zyme carried by the virus (reverse transcriptase, RT, 
Chapter 3). 


The transcribed viral DNA is inserted into chromosomal 
DNA in the nucleus. The transcription mechanism of 
the host cell (RNA polymerase) then transcribes it into 


mRNA, which becomes a blueprint for the synthe- 
sis of viral proteins in the ribosomes. These include 
nonstructural proteins which are the cause of the patho- 
genicity of many viruses. The newly produced viral RNA 
and the viral proteins assemble to form new viruses 
which exit the cell. 


Only very few types of viruses integrate their ge- 
nome into that of the host. These include herpes viruses 
and retroviruses. Genome integration enables a virus to 
remain stable in the genome of the host cell over many 
generations of cell division. The infection is dormant 
and the infected organism may display absolutely no 
sign of any disease or malfunction. 


In other cases, viruses such as the hepatitis B virus or 
some papilloma viruses cause DNA breakages when 
integrating host cell genomes. Such “abortive inte- 
gration" is partly responsible for the development of 
tumors. For example, nearly 8076 of all cervical cancers 
are caused by specific variants of HPV (human papilloma 
virus). 


The search for strategies against the attack of vi- 
ruses is a major undertaking (Box 5.1). Specific anti- 
bodies (see later in the chapter) can trap and neutralize 
viruses before they dock onto the host cell and invade 
it. Antibodies could also prevent invasion by masking 
the relevant binding sites on the target cells so 
that the viruses would fail to recognize them (Fig. 5.9). 
Antibodies can also tag viruses (a process called “op- 
sonizing”) so that they can be recognized and destroyed 
by immune system cells, such as macrophages and 
granulocytes. 


Retroviruses can be fought with reverse transcriptase 
inhibitors (see Chapter 3) that prevent the transformation 
of RNA into DNA. Another approach is to use antisense 
RNA—an exact mirror image (see Chapter 10) of the viral 
RNA—which it can bind and inactivate (Box 5.1). 


A fairly recent strategy consists of employing short 
double-stranded RNA sections (RNAi—the i 
standing for interference. More details in Chapter 9). 
Artificially created RNAi, between 21 and 23 nucle- 
otides long, was used first by German scientist Tom 
Tuschl (b. 1966) to silence mammalian genes with- 
out triggering a disruptive interferon response (which 
would have led to the degradation of all RNA present). 
Since then, it has been possible to silence specific 
genes—e.g., for HIV, the nef, rev, gag, and pol genes. 
There are also initial successes in the fight against in- 
fluenza and hepatitis C viruses. 


Many HIV therapeutics are based on inhibitors of 
virus-coded protease, which plays an important part in 
the maturation process of viral proteins. All these different 
routes are followed in contemporary AIDS research 
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Fig. 5.5 Top: Influenza virus, an orthomyxovirus with several RNA strands and envelopes. There are 
A, B, and C types. Bottom: AIDS virus (HIV), a retrovirus with an envelope and single-strand RNA, and 
along latency period, © Ivan Konstantinov at https://visual-science.com. 


Researchers modified the avian flu virus animals to humans.” However, the WHO 
in early 2012 to make it more easily rightly imposed a moratorium. See Cartoon 
transmissible, purportedly to “achieve a on p. 207. 


better understanding of transmission from 
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Box 5.1 Antiviral Drugs 


There are many strategies to try to stop the 
spread of HIV. Attempts are being made to 
interfere with every single stage of the viral 
reproduction cycle. 


* Docking on to cells that have not yet 
been infected: The viral envelope protein 
gp120 binds to the CD4 receptor on 
the surface of helper T lymphocytes. 
Antibodies to CD4 could saturate the 
docking sites on the cell. An alternative 
would be to synthesize CD4 molecules, 
which could be injected into the 
bloodstream and bind to gp120 in the 
viral envelope, thus preventing infection. 
Both methods work in the lab, but could 
lead to immunological complications 
in vivo, as CD4 or anti-CD4 would 
interfere with the interaction of natural 
CD4 and its ligands. 


2. Transcriptase inhibitor 


3. Integrase inhibitor 


The inhibition of reverse transcriptase is 
an effective method. As HIV is a retrovirus, 
its RNA must first be transcribed into DNA. 
Compounds such as azidothymidine (AZT, 
also known as zidovudine), lamivudine, 

and dideoxyinosine (ddi) are structurally 
analogous to nucleotides and can be used "by 
mistake" by reverse transcriptase to produce 
a defective vital genome. 


The first potent active agent against herpes, 
i.e., acyclovir, is another drug that works 

as an inhibitor through structural analogy to 
nucleotides, blocking reverse transcriptase 
(revertase). It is very effective as an ointment 
to treat herpes simplex and herpes zoster 
(shingles). Other inhibitors block the active 
site of HIV reverse transcriptase (e.g., 
nevirapine and delavirdine). 


Antisense RNA is an RNA copy that is 
precisely complementary to the HIV genome. 


Infectious descendants 


Strategies to limit the spread 
of the HI virus 
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(of the virus) 


Antisense RNA does not code for proteins 
and has thus no function in the cell. As 

the viral genome is single-stranded RNA, 
which is released during infection, it could 
immediately bind to the “waiting” antisense 
RNA to form a stable, “useless” RNA/RNA 
hybrid which would not be able to produce 

a provirus. Such a therapeutic approach 
would involve gene therapy or stem cells (see 
Chapter 10). 


Computer-aided drug design: Drugs can be 
designed and tested on computers. Automated 
docking methods are used to find the best docking 
sites on a biomolecule. If the predicted bond is 
strong enough, the molecule can be synthesized 
and its activity tested. The best site for saquinavir 
is shown in red. 


HIV protease (top) and AIDS drugs indinavir, 
saquinavir, ritonavir, and nelfinavir (top left to 
bottom right). 


The antisense drug fomivirsen has been 
successfully used for the treatment of a viral 
eye infection in AIDS patients and has saved 
their eyesight. 


Inhibition of HIV protease. Drugs that 
inhibit protease are a triumph of modern 
medicine and molecular design. The protease 
cleaves off the long polypeptide chains 
produced by the virus and cuts them into 
small fragments precisely when they are 
needed to pack the new viruses. The drug 
that firmly binds to the protease and blocks 
its action prevents the virus from maturing to 
its infectious stage. 
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(Box 5.1). As the HIV virus mainly attacks T-helper 
cells that control the human immune response, it should 
be possible to strengthen the immune response by pro- 
viding genetically engineered cytokines: single 
molecules—such as interleukin-2—that modulate 
immune responses. In a first step, the virus could be 
put out of action with “chemical weapons,” and then 
immune cells could be stimulated by interleukin-2. 


Some viruses cause infected cells to produce another 
type of cytokines: interferons. The secreted or artifi- 
cially introduced interferon binds to specific receptor 
molecules on the surface of other uninfected cells, mak- 
ing them resistant to the virus. 


Just like the lymphokine interleukin-2 (IL-2), inter- 
ferons were first enthusiastically hailed as the wonder 
drugs of the future that would be able to cure a host 
of diseases from the common cold to cancer. However, 
they did not fulfill these unrealistic expectations. Their 
effectiveness as a cure is limited, whereas the side effects 
are often considerable. However, like IL-2, they have 
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Fig. 5.6 How viruses attack cells. Left: Bacteriophages attack Escherichia coli. Right: A retrovirus 


attacks a human cell. 


their place in the treatment of human disease, usually 
in combination with other medications (see Chapter 9). 


Bi 5.3 How the Body Defends Itself 
Against Infections — Humoral Immune 
Response Through Antibodies 


When the Europeans conquered the Americas, they 
were assisted by biological weapons of which they 
were not aware at the time—bacteria and viruses. 
These killed a large proportion of the native inhabitants. 
Between the 16th and the 19th centuries, the influx 
of conquerors and settlers into the Americas and 
Oceania brought measles, smallpox, influenza, 
typhoid, diphtheria, malaria, mumps, whooping 
cough, the plague, tuberculosis, and yellow fever, 
whereas the natives had just one fatal pathogen "on their 
side"—syphilis. It seems that epidemics were something 
unknown on the American continent. 


Fig. 5.7 Body defenses against 
infections. An extensive 
description is given in 

Chapter 9. This picture shows 
macrophages, antibodies, and 
T-cells. 
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Box 5.2 The Expert's View: 
Testing for HIV Infection 


There are many reasons for wanting to 
establish an individual's HIV status, i.e., 

o test whether or not he or she is infected 
with HIV. For the individual, knowing one's 
status is key to benefiting from the enormous 
medical advances that have occurred over 

he past 30 years: with modern antiretroviral 
herapy, most infected people can enjoy a high 
quality of life while living with HIV rather 
han dying from AIDS. In addition, large 
numbers of HIV tests are done to ensure the 
safety of blood donated for transfusion and to 
Screen pregnant women, so that measures can 
be taken to reduce the risk of mother-to-child 
transmission. 


Before any HIV test is done, however, the 
individual's informed consent should be 
obtained. 


The term "AIDS test" should be avoided: AIDS 
is a clinically defined condition that develops in 
most HIV-infected individuals after a number of 
years of infection; testing is done to identify the 
presence of HIV. 


HIV infection is normally diagnosed indirectly, 
through detecting virus-specific antibodies. 
Virtually all HIV-infected individuals will form 
such antibodies, but unfortunately these do not 
confer immunity, in contrast to most other viral 
infections. 


There are various tests to detect antibodies. 
Most commonly, so-called enzyme-linked 
immunosorbent assay (ELISA) is used for 
screening purposes. Such screening tests have 
a very high sensitivity, i.e., they are able to 
identify positive samples. Typically, far less than 
1 in 1,000 positive samples will yield a false- 
negative test result. This is achieved through 
the use of appropriate antigens (to which 
patients' antibodies react in the test) and careful 
optimization of the whole assay (designed to 
make the antigen-antibody reaction visible), 

in order to minimize the chance of obtaining 

a false-negative result and thus missing the 
diagnosis of an infection. 


On the other hand, the specificity, i.e., the 
ability to correctly identify negative samples, 
of screening tests is usually not as high; this 
means that occasionally a sample will have a 
positive (or, rather, reactive) result, although 
it does not actually contain antibodies against 
HIV. This nonspecific reactivity can be caused 
by numerous factors, most of which are not 
associated with any pathological condition. A 
reactive (“positive”) screening test on its own 
does not necessarily mean that the person tested 
is infected with HIV! 
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The human immunodeficiency virus (HIV) is the 
cause of Acquired Immunodeficiency Syndrome 
(AIDS). It is a retrovirus —an enveloped virus that 
has an RNA genome. 


To replicate, the RNA genome undergoes reverse 
transcription into DNA with the help of reverse 
transcriptase. Another enzyme, known as integrase, 
helps to integrate the viral DNA into the host 
genome. In AIDS, the immune system begins to fail, 
leading to life-threatening opportunistic infections. 
Infection with HIV can be transferred via blood, 
semen, vaginal fluid, preejaculate, or breast milk. 


These bodily fluids may contain free virus 

particles or viruses within infected immune cells. 
The three major transmission routes are 
unprotected sexual intercourse, contaminated 
needles, and transmission from an infected mother 
to her baby at birth or through breast milk. HIV 
primarily infects vital cells in the human immune 
system such as T-helper cells (specifically CD4* 
T-cells), macrophages, and dendritic cells. HIV 
infection leads to low levels of CD,* T-cells 
through different mechanisms. When CD4* 

T-cell numbers fall below a critical level, cell- 
mediated immunity is lost, and the body becomes 
increasingly susceptible to opportunistic infections. 


If untreated, eventually most HIV-infected 
individuals develop AIDS and die, while about 
one in ten remain healthy for many years, with 
no noticeable symptoms. 


AIDS virus in the blood, surrounded by 
Y-shaped antibodies. 


For this reason, each reactive screening test result 
must be confirmed by at least one confirmatory 
assay. This can be the so-called Western blot 
(obligatory in the United States and Germany) 

or a series of different tests applied in a defined 
sequence (algorithm). Only if this confirmatory 
testing confirms the sample's reactivity can 
HIV infection be diagnosed and the patient 
be told that he or she is HIV-positive. 


А second blood sample should then also be sent 
for testing to confirm the specimen’s identity. 


While the sensitivity and specificity of a 

specific HIV assay are usually known, another 
performance parameter is more relevant in 
practice. We do not actually know the “true” HIV 
status of the patient tested but we have to deduce 
it from the test results. 


The positive predictive value (PPV) is the 
probability with which a positive test result 
indicates a truly infected patient; conversely, 

the negative predictive value (NPV) is the 
probability with which a patient’s negative test 
result reflects that he/she is truly uninfected. 
These predictive values depend not only on the 
sensitivity and specificity of the test used but also 
on the HIV prevalence of the population tested. 
Unfortunately, this statistical phenomenon is often 
misused to “prove” the alleged uselessness of HIV 
testing. In groups with a very low HIV prevalence 
(e.g., carefully selected blood donors), the majority 
of those with a reactive screening test result are 
indeed not infected. But this is exactly why all 
reactive screening tests must be confirmed before 
a diagnosis is made; it is not a reason to decry HIV 
tests as useless! In high prevalence populations, 
the vast majority of reactive test results sadly 
reflect true positivity; this is why the World 
Health Organization’s guidelines stipulate simpler 
confirmatory algorithms in such settings. 


In some settings, the so-called rapid/simple 
test devices (also called point-of-care tests) are 
preferable to laboratory-based testing. These can 
often be done on capillary blood (obtained from 
the tip of a finger), are easy to perform, require 
minimal equipment, and typically produce results 
that are available within half an hour or less. 


Rapid tests are valuable if the result is 
needed quickly: in emergency rooms, after 
needle stick injuries, etc. They can also help to 
reduce the rate of “unclaimed” test results (i.e., 
patients not returning to get their test results) and 
are the only feasible option in many resource- 
constrained settings. An algorithm consisting 

of different rapid tests may even be used for 
confirmatory purposes, obviating the need to 
send samples to a laboratory at all. However, 
quality control of rapid testing is a formidable but 
extremely important challenge. 


All tests based on the detection of HIV-specific 
antibodies have one problem in common: They 
do not recognize individuals in the very 
early stages of infection while the body is 
still mounting an immune response. The length 
of time until antibodies become detectable is 
known as the “window period.” Approaches are 
available to significantly shorten the “window”: 
direct diagnosis by isolating an infectious virus 
or by detecting viral antigens or viral genomic 
material (nucleic acid). Virus isolation requires 
cell culturing in a specialized laboratory and is 
therefore impractical and expensive. 


Prof. Mark Newman (University of Michigan) 
and his team have created new types of maps: 
On top, there is a normal map of the world, 
showing the sizes of the countries of the world 
in proportion to their actual size on the surface 
of the planet and retaining their actual shapes. It 
is possible, however, to redraw the map with the 
sizes of countries made bigger or smaller in order 
to represent something of interest. Such maps 
are called cartograms and can be an effective and 
natural way of portraying geographic or social 
data. Below, the cartogram shows the number 

of inhabitants with HIV/AIDS (Maps courtesy of 
Mark Newman, UMICH). 


HIV infection in humans is now a pandemic. 
As of 2013, the Joint United Nations Programme 
on HIV/AIDS (UNAIDS) and the World Health 
Organization (WHO) estimate that AIDS has 
killed more than 39 million people since it was 
first recognized in December 1981. AIDS is one 
of the most destructive pandemics in recorded 
history. In 2015, AIDS claimed an estimated 364 
million lives. It is estimated that about 0.6% of 
the world’s living population is infected with HIV. 


A third of these deaths are occurring in sub- 
Saharan Africa, retarding economic growth and 
increasing poverty. According to current estimates, 
HIV is set to infect 90 million people in 
Africa, resulting in a minimum estimate of 18 
million orphans. Antiretroviral treatment reduces 
both the mortality and the morbidity of HIV 
infection, but routine access to antiretroviral 
medication is not available in all countries yet. 


Testing for viral p24 antigen has become an 
integral component of testing, using fourth- 
generation screening assays that detect viral 
antigen alongside specific antibodies, and this 
method thus offers a much reduced “window 
period.” Testing for viral genome (nucleic 
acid testing = NAT), e.g., using polymerase 
chain reaction (PCR), is done under certain 
circumstances: to exclude infectivity in blood 
donors and to diagnose HIV infection in patients 
with suspected primary infection and in babies 
born to HIV-infected mothers. 
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In such babies, passively (transplacentally) 
acquired maternal HIV antibodies are normally 
detectable up to around 12-15 months of age. 


Therefore, children of HIV-positive mothers will 
initially have positive HIV antibody test results, 
until they have eliminated maternal antibodies. 
Fortunately, the majority of these babies will 

not themselves be infected; good prevention of 
mother-to-child transmission (PMTCT) programs 
can reduce the rate of vertical transmission to 
below 1%. NAT allows the early identification 
of infected babies and thus the initiation of 
appropriate clinical management. 


When antibody tests are impractical, one can 
test for proviral cDNA in leukocytes using 

a qualitative (“yes or no?”) assay to diagnose 
infection. The quantification of HIV RNA in blood 
plasma (“how much?"), the so-called viral load, 
may serve as a prognostic marker to monitor the 
success of therapy and to estimate infectiousness. 
It has become a very important tool in the 
context of antiretroviral therapy. However, viral 
load tests are not intended to diagnose infection 
and may occasionally give false low-positive 
results in noninfected individuals. 


In the right hands and done by skilled 
professionals, tests for HIV infection are nowadays 
extremely reliable and can give a definitive 
answer in almost all cases. If done in time, HIV 
testing allows avoidance of serious disease or 
even death, through antiretroviral treatment and 
reduction of the risk of transmission to others 
through preventative measures. 
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96-well microtiter ELISA plate 


Result: positive 
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Control bar —— 
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Patient bar —— 


Example of rapid test (Capillus) 
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free online at http://hivmedicine.com/ 
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Fig. 5.8 Above: Subunits of a 
virus combine to form a capsid. 
Right: The polio virus, which 
was fully synthesized in the test 
tube for the first time in 2002, 
consists of a long RNA strand in 
a hollow protein capsid. 


Fig. 5.9 How antibodies 
neutralize a virus: Only the 
binding arms of the antibodies 
are shown here (in light blue), 
not their "feet." The diagram 
clearly shows how viral spikes 
are covered by the antibodies 
and thus neutralized. 


Fig. 5.10 How antibodies bind 
to antigens: A deep cavity 
binds to a small fullerene 
molecule (top, Buckminster 
fullerene, shown in red), while 
the large flat surface of an 
antigen-binding site binds to a 
protein, lysozyme (bottom, also 
shown in red). 
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RNA strand 


According to Jared Diamond, the inequality of weap- 
ons between the Amerindians, Indios, and Europeans 
was caused by the presence of the large cattle herds 
of the settled Eurasian farmers. These herds became the 
breeding ground for acute and endemic diseases that later 
spread to similarly crowded human settlements (Box 5.4). 


This explains why outbreaks of infectious diseases as we 
know them are a fairly recent phenomenon. Smallpox 
appeared for the first time in 1500 BCE, mumps and the 
plague in 400 BC, and cholera and louse-borne epidemic 
typhoid only in the 16th century. 


Over several hundred years, the Eurasian population 
had been able to develop immunity to the diseases and 
reached a stalemate. The inhabitants of the New World, 
by contrast, did not have time to arm their totally un- 
prepared immune systems and were almost completely 
wiped out by the pathogens (Box 5.4). 


How does the immune system protect us? Let us 
just resort to a simplified answer at the moment, as the 
immune system is so complex that a full explanation 
would go beyond an introduction to biotechnology. 


The immune system distinguishes between "self" and 
“nonself” and has the ability to produce a billion (10?) 
or more different antibody specificities and over a 
trillion (10!) different T-cell receptors. It consists 
of two closely interconnected systems with parallel ac- 
tions—the humoral and the cellular immune response. 


The antigen-dependent humoral immune response 
(Latin: humor = liquid) uses soluble proteins, anti- 
bodies, also known as immunoglobulins (Box 5.3), as 
recognition elements. There are also innate humoral 


defense factors, including lysozyme (see Chapter 2), 
acute phase proteins, interferons, and other cytokines. 
Antibodies are specialized to discriminate between for- 
eign molecules and those produced by the body. They 
can do this with very high affinity and specificity, even 
in the thick molecular soup containing all the other con- 
stituents of a living organism. They can thus label for- 
eign materials as intruders and induce phagocytosis by 
macrophages, or lyse by complement, or induce other 
immune reactions. Antibodies are produced by plasma 
cells, which are terminally differentiated B-cells. 


B-cells or B-lymphocytes derived their name from 
Bursa fabricii—a lymphatic organ that is unique to birds 
which lies in the end section of the cloaca (Fig. 5.11). 
Lymphocytes develop into B-lymphocytes in that 
bursa. If the bursa were removed from a chicken, it 
would become very susceptible to bacterial infections 
and would be unable to produce antibodies. 


Foreign macromolecules (or cells or viruses) 
that elicit an immune response are called antigens. 
Antibodies typically contact a surface around 500- 
1000 A? (5-10 nm?) on the antigen, which is known as 
an epitope or antigenic determinant. As can be ex- 
pected, larger antigens can have many epitopes. 


An infection mobilizes several cooperating immune cell 
populations. B-lymphocytes carry antibodies as recog- 
nition molecules on their surfaces (membrane-bound im- 
munoglobulins). However, they are not directly activated 
by circulating antigens. These are taken up by antigen- 
presenting cells—typically macrophages or dendritic 
cells. These cells internally process the antigen into pep- 
tides, then move these antigen fragments to the surface 
and present them to T-helper cells. The fragments on these 
antigen-presenting cells act as a stimulus on the T-cells to 
produce interleukin-2, which in turn activates the B-cells 
that have also been in contact with the antigen (clonal se- 
lection). These begin to proliferate to form a cell clone and 
differentiate mainly into plasma cells, the antibody factories 
(clonal expansion). But some of the resulting daughter 
cells differentiate to memory B-cells, which ensure a 
rapid immune response in the case of reinfection. 


The freely circulating antibodies bind to the antigen, or 
cells that carry it, thus labeling the enemy for de- 
struction by other components of the immune system 
(opsonization). 


These mechanisms are supported by the body’s own 
complement system, a protease cascade involving 
about 30 proteins, that can literally punch a hole into 
an intruder cell (complement-dependent cytotoxicity, 
CDC), and by ADCC (antibody-dependent cell-mediated 
cytotoxicity) providing destruction of foreign or abnor- 
mal cells by specific immune system killer cells. 


Whether dissolved in the blood plasma or cell-bound, 
both the complement and ADCC systems form an adap- 
tive defense line against microorganisms (e.g., bacteria, 
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Box 5.3 Antibodies 


Heavy chain 


region 


Light chain 


The two light chains (yellow) and the two heavy 

chains (red) combine to form a variable fragment 

that binds to the antigen and holds it in two И Constant 
"hands." The variable region contains up to 20 Provides effector [2 Region 
hypervariable amino acids that allow billions of functions К (Ес) 
combinations for the recognition of antigens. 


Foot > 


Antibodies are components of the immune 
systems of vertebrates that protect against 
invaders. Their task is to specifically recognize 
pathogens, bind to them, and thereby label them 
for the immune system. They also neutralize the 
toxins released by many pathogens. 


© Ivan Konstantinov 


in this context means molecular weights of 

25 kD) and two heavy chains or H-chains 
with molecular weights of 55 kD. They are 
held together by disulfide bonds. The “foot” 

is the same for all antibodies and is called the 
constant region (Fc, fragment constant). The 
Fc part holds the antibody on the surface of 
the cell or provides the signals to activate other 
elements of the immune system against its 
bound target. 


standardized polypeptide elements to build any 

modular antibody. Thus, only a few hundred of 

these polypeptide elements need to be coded for 
in the genome. Some large building blocks code 
for the constant regions in the antibody. 


The antigen-binding specificity of an antibody, 
however, is mediated by a small proportion 

of the whole protein. These are the variable 
regions. They too consist of three to four different 
modules which are combined individually in 
each cell during the differentiation of 
B-lymphocytes. 


How is it possible for an organism to produce 

a specific antibody to virtually any antigen? 

How can it recognize the incredibly large 
number of possible antigens? As it would not be 
economical to have a specific gene for each of the 


Three antibody fragments (Fab) bind simultaneously 
to the epitopes of an antigen (green). The enzyme 
shown is the familiar lysozyme (see Chapter 2). The 
contours of the second Fab and the “foot” of the 
antibody (Fc section) have been added. 


Antibody molecules consist of four protein 
chains—two light chains or L-chains (“light” 


approximately 100,000,000 different antibodies, 
the immune system resorts to an ingenious 
trick. 


Immunotechnologists Frank Breitling and 
Stefan Diibel explain it as follows: Just as it is 
possible to build any number of different houses 
with a few types of standardized bricks, cells use 
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fungi, or parasites). The name adaptive refers to the fact 
that antibodies specific to a newly detected intruder will 
only be mass-produced upon detection of the intruder. 
Furthermore, to improve the effectivity of the specific an- 
tibody response, some of the selected B-cells will further 
mutate their own antibody genes to generate antibody 
variants with improved binding affinity and specificity 
(somatic hypermutation). Reactivity against foreign 
molecules is meticulously balanced by a large number 
of molecular control mechanisms to prevent reactivity 
against self (tolerance). Otherwise, because of their pow- 
erful destructive properties, antibodies can cause tis- 
sue damage, which occurs in autoimmune diseases 
(heart attack, systemic Lupus erythematosus or rheuma- 
toid arthritis) where this regulation is compromised. 


Bi 5.4 Cellular Immune Response: Killer 
T-Cells 


When the thymus gland is removed from young an- 
imals, they become susceptible to infection, similar to 
chickens after removal of the bursa (Fig. 5.13). The 
number of lymphocytes (white blood cells) drops dra- 
matically after a thymectomy. Because they originate 
in the thymus gland, these lymphocytes were called 
T-lymphocytes or T-cells. 


Soluble antibodies (Section 5.3) are very effective 
against pathogens as long as these are outside cells but 
provide no protection against viruses and mycobac- 
teria (such as leprosy and tuberculosis) once these have 


oe. 


Fig. 5.11 B-cells 
(B-lymphocytes) were named 
after the lymphatic organ Bursa 
fabricii that is found exclusively 
in birds, in the last section of 
the cloaca. 
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Box 5.4 Biotech History: 
Jared Diamond: Lethal Microbes 


In his 1998 Pulitzer Prize-winning book 
“Guns, Germs, and Steel—A Short History 
of Everybody for the Last 13,000 Years,” 
Professor Jared Diamond (b. 1937) starts 
an inquiry into the reasons why Europe 
and the Middle East became the cradles of 
modern societies. He kindly permitted the 
reprint of a drastically shortened extract 
about the role of microbes in human 
history: 


The importance of lethal microbes in human 
history is well illustrated by Europeans’ conquest 
and depopulation of the New World. 


Far more Native Americans died in bed 
from Eurasian germs than on the battlefield 
from European guns and swords. 


Those germs undermined Indian resistance 

by killing most Indians and their leaders and by 
sapping the survivors’ morale. For instance, in 
1519, Cortés landed on the coast of Mexico 
with 600 Spaniards, to conquer the fiercely 
militaristic Aztec Empire with a population of 
many millions. That Cortés reached the Aztec 
capital of Tenochtitlan, escaped with the loss 

of “only” two-thirds of his force, and managed 
to fight his way back to the coast demonstrates 
both Spanish military advantages and the initial 
naiveté of the Aztecs. But when Cortés’s next 
onslaught came, the Aztecs were no longer 
naive and fought street by street with the utmost 
tenacity. 


Aztec and Inca Population Decline After 1520 
Population (in millions) 
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What gave the Spaniards a decisive advantage 
was smallpox, which reached Mexico in 1520 
with one infected slave arriving from Spanish 
Cuba. The resulting epidemic proceeded to kill 
nearly half of the Aztecs, including Emperor 
Cuitlahuac. Aztec survivors were demoralized 
by the mysterious illness that killed Indians and 
spared Spaniards, as if advertising the Spaniard’s 
invincibility. By 1618, Mexico’s initial population 
of about 20 million had plummeted to about 

1.6 million. 
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A woodcut of the Four Horsemen of the Apocalypse 
(1497-1498) by Albrecht Diirer (1471-1528, one of the 
greatest German artists). 


Traditionally, the four horsemen stand for 
Pestilence, War, Famine, and Death. 


From the King James Version of the Bible, 
Revelation Chapter 6, verses 2-8: 


"And I saw, and behold a white horse: and he 
hat sat on him had a bow; and a crown was 
given unto him: and he went forth conquering, 
and to conquer. And when he had opened 

he second seal, I heard the second beast say, 
Come and see. And there went out another 
horse that was red: and power was given to 
him that sat thereon to take peace from the 
earth, and that they should kill one another: 
and there was given unto him a great sword. 
And when he had opened the third seal, I 
heard the third beast say, Come and see. And 
I beheld, and lo a black horse; and he that sat 
on him had a pair of balances in his hand. And 
I heard a voice in the midst of the four beasts 
say, A measure of wheat for a penny, and three 
measures of barley for a penny; and see thou 
hurt not the oil and the wine. And when he 
had opened the fourth seal, I heard the voice 
of the fourth beast say, Come and see. And T 
looked, and behold a pale horse: and his name 
that sat on him was Death, and Hell followed 
with him. And power was given unto them 
over the fourth part of the earth, to kill with 
sword, and with hunger, and with death, and 
with the beasts of the earth." 


Similarly, Pizarro had grim luck when he 
landed on the coast of Peru in 1531 with 168 
men to conquer the Inca Empire of millions. 
Fortunately for Pizarro and unfortunately for the 


Incas, smallpox had arrived overland around 
1526, killing much of the Inca population, 
including both the emperor Huayna Capac 

and his designated successor. The result of the 
throne's being left vacant was that two other 
sons of Huayna Capac, Atahualpa and Huascar, 
became embroiled in a civil war that Pizarro 
exploited to conquer the divided Incas. 


When we in the United States think of the 
most populous New World societies existing in 
1492, only those of the Aztecs and the Incas 
tend to come to our minds. We forget that North 
America also supported populous Indian societies 
in the most logical place, the Mississippi Valley, 
which contains some of our best farmland today. 
In that case, however, conquistadores contributed 
nothing directly to the societies’ destruction; 
Eurasian germs, spreading in advance, did 


everything. 


Francisco Pizarro asked the Inca leader Atahualpa 

to meet him and his bodyguards unarmed. He knew 
that if he had the Emperor, he would have the entire 
Inca Empire and all the gold which it held. With a 
blast of their cannons, Pizarro' s men slaughtered all 
the Incas in the square of Cajamarca. 


The 11th and last Aztec emperor, Cuauhtémoc, 
surrenders in August 1521 and is presented to Cortés. 
The words in the legend “Ycpolinh q mexuca” are 
translated as “Now the Mexica [Aztecs] were finished." 


When Hernando de Soto became the first 
European conquistador to march through 

the southeastern United States in 1540, he 
came across Indian town sites abandoned 

2 years earlier because the inhabitants had 

died in epidemics. These epidemics had been 
transmitted from coastal Indians infected by 
Spaniards visiting the coast. The Spaniard’s 
microbes spread to the interior in advance of the 
Spaniards themselves. 


De Soto was still able to see some of the densely 
populated Indian towns lining the lower 
Mississippi. After the end of his expedition, it was 
a long time before the Europeans again reached 
the Mississippi Valley, but Eurasian microbes 
were now established in North America and kept 
Spreading. 


By the time of the next appearance of Europeans 
on the lower Mississippi, that of French settlers 
in the late 1600s, almost all of those big Indian 
owns had vanished. Their relics are the great 
mound sites of the Mississippi Valley. Only 
recently have we come to realize that many of 
he mound-building societies were still largely 
intact when Columbus reached the New World, 
and that they collapsed (probably as a result 

of disease) between 1492 and the systematic 
European exploration of the Mississippi. 


When I was young, American schoolchildren 
were taught that North America had originally 
been occupied by only about one million 
Indians. That low number was useful in justifying 
the white conquest of what could be viewed as an 
almost empty continent. However, archaeological 
excavations and scrutiny of descriptions left by 

the very first European explorers on our coasts 
now suggest an initial number of around 20 
million Indians. For the New World as a whole, 
the Indian population decline in the century or 
two following Columbus's arrival is estimated to 
have been as large as 95%. 


The main killers were Old World germs to 
which Indians had never been exposed, 
and against which they therefore had neither 
immune nor genetic resistance. Smallpox, 
measles, influenza, and typhus competed for 
top rank among the killers. As if these had not 
been enough, diphtheria, malaria, mumps, 
pertussis, plague, tuberculosis, and yellow fever 
came up close behind. In countless cases, whites 
were actually there to witness the destruction 
occurring when the germs arrived. 


For example, in 1837, the Mandan Indian 
tribe, with one of the most elaborate cultures 
in our Great Plains, contracted smallpox from a 
steamboat traveling up the Missouri River from 
St. Louis. The population of one Mandan village 
plummeted from 2000 to fewer than 40 within 
а few weeks. 


An Aztec drawing representing patients affected by 
smallpox at different stages. 
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While over a dozen major infectious diseases 

of Old World origins became established in the 
New World, perhaps not a single major killer 
reached Europe from the Americas. The 
sole possible exception is syphilis, whose area of 
origin remains controversial. 


The one-sidedness of that exchange of germs 
becomes even more striking when we recall that 
large, dense human populations are a prerequisite 
for the evolution of crowd diseases. If recent 
reappraisals of the pre-Columbian New World 
population are correct, it was not far below the 
contemporary population of Eurasia. Some New 
World cities, like Tenochtitlan, were among the 
world’s most populous cities at the time. Yet 
Tenochtitlan didn’t have awful germs waiting in 
store for the Spaniards. Why not? 


Smallpox (also known by 
the Latin name Variola) is a 
highly contagious disease 
unique to humans. 


The main reason becomes clear, however, if 
we ask a simple question: From what microbes 
could any crowd diseases of the Americas 
have evolved? We've seen that Eurasian 
crowd diseases evolved from diseases of 
domesticated herd animals. Significantly, 
there were many such animals in Eurasia. But 
there were only five animals that became 
domesticated in the Americas. 


In turn, this extreme paucity of domestic animals 
in the New World reflects the paucity of wild 
starting material. About 8076 of the big wild 
mammals of the Americas became extinct at the 
end of the last Ice Age, around 13,000 years ago. 
The few domesticates that remained to Native 
Americans were not likely sources of crowd 
diseases, compared with cows and pigs. Muscovy 
ducks and turkeys don’t live in enormous flocks, 
and they’re not cuddly species (like young lambs) 
with which we have much physical contact. 


The historical importance of animal-derived 
diseases extends far beyond the collision of the 
Old and the New Worlds. Eurasian germs 
played a key role in decimating native peoples in 
many other parts of the world, including Pacific 
islanders, Aboriginal Australians, and the 
Khoisan peoples (Hottentots and Bushmen) 

of southern Africa. The cumulative mortalities 
of these previously unexposed peoples from 
Eurasian germs ranged from 50% to 100%. For 
instance, the Indian population of Hispaniola 
declined from around 8 million, when Columbus 
arrived in AD 1492, to zero by 1535. Measles 
reached Fiji with a Fijian chief returning from a 
visit to Australia in 1875, and proceeded to kill 


about one-quarter of all Fijians then alive (after 
most Fijians had already been killed by epidemics 
beginning with the first European visit in 1791). 


Syphilis, gonorrhea, tuberculosis, and influenza 
arriving with Captain Cook in 1779, followed by a 
big typhoid epidemic in 1804 and numerous “minor” 
epidemics, reduced Hawaii’s population from 
around half a million in 1779 to 84,000 in 1853, the 
year when smallpox finally reached Hawaii and killed 
around 10,000 of the survivors. The examples could 
be multiplied almost indefinitely. 


However, germs did not act solely to the 
Europeans' advantage. While the New World 

and Australia did not harbor native epidemic 
diseases awaiting the Europeans, tropical Asia, 
Africa, Indonesia, and New Guinea certainly 

did. Malaria throughout the tropical Old World, 
cholera in tropical Southeast Asia, and yellow 
fever in tropical Africa were (all still are) the most 
notorious of the tropical killers. They posed the 
most serious obstacle to European colonization of 
the tropics, and they explain why the European 
colonial partitioning of New Guinea and most of 
Africa was not accomplished until nearly 400 years 
after European ship traffic; they emerged as the 
major impediment to colonization of the New 
World tropics as well. A familiar example is the 
role of those two diseases in aborting the French 
effort, and nearly aborting the ultimately successful 
American effort, to construct the Panama Canal. 


There is no doubt that the Europeans developed 
a big advantage in weaponry, technology, and 
political organization over most of the non- 
European peoples that they conquered. 


But that advantage alone doesn't fully explain 
how initially so few European immigrants 
came to supplant so much of the native 
population of the Americas and some other 
parts of the world. That might not have happened 
without Europe's sinister gift to other 
continents of the germs evolving from the 
Eurasians' long intimacy with domestic animals. 


For Jared 
Diamond' s bio, 
see p. 28 in 
Chapter 1. 


Cited Literature: 


Diamond J (1998) Guns, germs, and steel. 

A short history of everybody for the last 
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pp. 210-213 and 214. 
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T-cell 


: Viral peptide 


Virus-infected 
host cell 


Fig. 5.12 Top: T-cell receptor 
(TCR). Bottom: structure of 
an MHC class | protein with 
presented viral peptide (red). 


Fig. 5.13 Above: T-killer cell 
(small, in the foreground) 
attacking a virus-infected cell. 
Below left: T-cells with CD8 
(green) and T-cell receptor 
(TCR, blue). Below right: 
T-helper cell with CD4 (green) 


and T-cell receptor (TCR, blue). 


Both dock onto the virus- 
infected cell presenting a viral 
peptide (red). 


Virus-infected 
host cell 
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T-cell with CD8 and T-cell 
receptor (TCR) 


Cytotoxic T-cell 


MHC class | 


entered the cytoplasm. They are then shielded from 
the antibodies by the host cell membrane. Fortunately 
for us, evolution has found a cunning defense strategy 
for intracellular intruders as well—cell-mediated im- 
mune response (Fig. 5.10). 


Cytotoxic T-lymphocytes or killer T-cells are always 
on the lookout for foreign components on the surface 
of all cells they encounter and will destroy these cells 
where they find them (Figs. 5.11 and 5.12). This is not 
an easy task, especially because some intruders take 
great care not to display any antigens, but host cells have 
an ingenious “cut-and-display” mechanism (through 
proteasomes). 


They cut out a sample of small peptides found in the 
cytosol, which originate from the breakdown of the in- 
truder’s proteins. These peptides are transported to the 
surface of the cell membrane where they are presented 
by cell membrane proteins (Fig. 5.11) that have been 
coded by the major histocompatibility complex 
(MHC). 


MHC proteins belong either to class I or class П 
(Fig. 5.12). MHC proteins of class I in an infected 
cell hold on very tightly to the peptides to be presented 
in order to enable specific receptors of a T-killer cell to 
bond to them. When foreign peptides are found, they 
act as a killer signal is emitted by the T-lymphocyte, 
which triggers a programmed cell death mechanism 
or apoptosis, i.e., “cell suicide in the interest of the 
whole organism.” 


Cytotoxic cells carry an additional protein called CD8 
(CD stands for cluster of differentiation) that recognizes 
complexes of MHC class I protein and the presented 
alien peptide. When such a complex is recognized, the 
T-cell secretes the protein perforin which opens pores 


T-helper cell with CD4 
and TCR 


T-helper cell 


receptor receptor 


Virus-infected 
host cell 


MHC class 11 


10nm in diameter in the membrane of the target cell. 
Proteases (granzymes) are secreted into the now per- 
meable target cell. When they die, the target cells de- 
grade all of their constituents: their own and that of the 
pathogen virus or bacterium. The T-cell detaches itself 
from the target cell and proliferates, having proved to be 
an effective tool against the intruder. 


Not all T-cells are cytotoxic or killer cells. T-helper 
cells stimulate the multiplication of B-lymphocytes and 
cytotoxic T-cells (Fig. 5.12). They are thus indispensable 
in the fight against extracellular as well as intracellular 
pathogens. 


T-helper cells are also activated through the recognition 
of antigens on the surface of antigen-presenting cells— 
usually dendritic cells or macrophages. The antigen 
is presented to the T-helper cells as a peptide fragment 
that has been derived from the foreign protein by the 
antigen-presenting cell (what has been described as 
being “processed” earlier on). The recognition of the 
antigen by the T-helper cells depends on ће MHC 
proteins class II on the antigen presenting cell. When 
MHC proteins class II present a peptide, it is a call for 
help: “Attention! This cell has been in contact with a 
pathogen,” whereas the message of class I is: “This cell 
has succumbed to the attacker. Trigger self-destruction.” 


T-helper cells use a T-cell receptor and a protein 
(CD4) on their surfaces that carries an extracellular 
immunoglobulin-like domain (structured like an anti- 
body, Fig. 5.12). The recognition of the complex triggers 
events that do not lead to the death of the cell but stimu- 
lates the T-helper cells to secrete lymphokines, including 
interleukin-2 and interferon-y. IL-2 stimulates the pro- 
liferation of those B-cells that have also been in contact 
with the antigen. These turn into antibody-producing 
plasma cells in the blood. 


The essential role of helper T-lymphocytes is illustrated 
by HIV, which preferentially infects this type of immune 
system cell. By doing so, it interferes with the prolifera- 
tion of B-cells and the production of antibodies—any an- 
tibodies. The result is immunodeficiency, the hallmark 
of untreated AIDS. 


Neopterin is a newly discovered signaling sub- 
stance that is activated in viral infections. This 
low-molecular-weight compound is secreted by macro- 
phages when stimulated by interferon-y. As Dietmar 
Fuchs (b. 1954) and his research group (Fig. 5.25) in 
Innsbruck (Austria) showed, this can be used to provide 
rapid test for viral infections. A high concentration 
of neopterin indicates that a viral attack is taking place, 
even if the culprit virus has not been identified yet. This 
can be useful in early diagnosis, and it is an invaluable 
indicator for blood banks to check donors for viral infec- 
tions. A neopterin test is routinely carried out at least by 
] Austrian blood banks. 
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Box 5.5 Biotech History: 
Inoculation 


“A nonmedically qualified individual uses 
material of unknown composition and toxicity 
to treat patients, including a child, who may 
be suffering from a potentially fatal illness. 
The individual does not even try to obtain 
informed consent, but publishes patients’ 
names and addresses to help publicize some 
astounding claims. Moreover, like fraudulent 
quacks the world over, the individual keeps 
details of the ‘treatment’ secret, so that its 
validity cannot be independently validated. 
Perhaps worst of all, this reckless person 
injects human beings with an extremely 
virulent microbe before conducting tests 

in animals. Some patients die, and a close 
collaborator who is a medical doctor 
dissociates himself from his colleague's work. 


The person who took these risks, yet 
emerged with thunderous acclaim for his 
astonishing triumph in defeating rabies, was 
Louis Pasteur." 


This is a quote from Bernard Dixon, Power 
unseen. How microbes rule the world. Pasteur 
himself said that he was extremely lucky: 
"chance favors the prepared mind." This also 
applies to his other pioneering achievements. Just 
like his predecessor Edward Jenner (1749- 
1823), who applied the first vaccines, he flouted 
several ethical principles. He postulated that 
the pathogen would be found in the spinal cord, 
although it was a completely unknown microbe 
then. The pathogen could be attenuated by 
removing the spinal cord from rabbits that had 
been inoculated with spinal cord material from a 
rabid dog and letting it age. 


On July 6, 1885, he injected little Joseph 
Meister with some of the aged rabbit spinal 
cord, although he could not be sure it contained 
he virus. Nowadays, the torpedo-shaped rabies 
viruses, members of the Rhabdovirus family, can 
be made visible under the electron microscope 
Fig. 5.5). In Pasteur's day, they remained 
invisible. In contrast to Jenner's vaccine, Pasteur's 
had been produced in the lab. 


enner, however, was on comparatively 

safe ground, having noticed that cowpox is 
innocuous. In the 11th century AD, Chinese 
doctors had observed that people who had 
survived a smallpox infection were resistant to 
recurring infection. In ancient China, toddlers 
were therefore infected with smallpox on 
purpose. Given the high general infant mortality, 
the risks associated with the vaccination 
appeared acceptable. In China, there was a 
smallpox goddess called Chuan Hsing Hua 
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Chieh, and the equivalent Hindu goddess 

was Shitala mata. Vaccine reactions were less 
pronounced when the vaccine came from 
patients with a mild form of smallpox. The 

use of such smallpox vaccines also spread to 
Europe and became quite popular in the second 
half of the 18th century under the name of 
“variolation.” 


In 1721, Lady Mary Wortley Montagu 
(1689-1762) had her daughter “variolated” the 
first person in England to have been “officially” 
vaccinated. Experiments had been carried out 

on prisoners and orphans, which gave British 
doctors the confidence to inoculate members of 
the Royal family. 


However, it was Edward Jenner who 
demonstrated that there was a generally low-risk 
method to achieve the same purpose, and his 
vaccination method was one of the reasons for 
the decline in smallpox, without which the 
Industrial Revolution could not have taken 
place. The true significance of Jenner's discovery, 
however, was highlighted much later through 
Louis Pasteur's research. Pasteur had been 
experimenting with Pasteurella multocidia, a 
poultry pathogen, and one of his cultures had 
been forgotten in the lab for several weeks before 
Pasteur used it on his chickens. He found that 
not only did the chickens survive the infection, 
but they also became immune to further 
infections with the pathogen. 


Earlier on, in 1881, Pasteur had been able 

to demonstrate in public that sheep could be 
vaccinated to protect them from anthrax. He had 
also been the savior of silkworm breeding, as 
well as having expounded the scientific principles 
of wine fermentation. Pasteur was definitely 
successful, and his successful fight against rabies 
became the foundation of the /nstitut Pasteur in 
Paris, as Pasteur was able to draw conclusions 
about immunological reactions that led to the 
development of a whole range of vaccination 
methods. 


Robert Koch (1843-1910) was the founder of 
medical bacteriology. In a controversy with the 
argumentative Louis Pasteur, he was the first to 
show that cholera, anthrax, tuberculosis, and 
he plague are caused by specific bacteria. His 
research on tuberculosis earned Koch the Nobel 
Prize for Physiology or Medicine in 1905. 


Numerous research trips to India, Japan, and 
African countries yielded valuable results in 
ropical medicine and parasitology, such as 
information about the plague, malaria, sleeping 
Sickness (African trypanosomiasis), and cholera 
pathogens. 


Emil von Behring. 


Emil von Behring (1854—1917) introduced a 
new vaccination procedure that became known 
as passive vaccination, which involves injecting 
antiserum (serum therapy). From 1880 to 
1889, he was a medical officer (Stabsarzt) in 
the Prussian army and started teaching at the 
Institute of Hygiene and Infectious Diseases in 
Berlin where he became an assistant of Robert 
Koch. This is where he began his collaboration 
with the Japanese doctor and microbiologist 
Shibasaburo Kitasato (1856—1931). 


The pharmacy of the future, as imagined in 
Behring' s day. 


In 1890, Behring had his first successes in 
treating diphtheria in animals. Diphtheria was 
one of the most dreaded infections at the time 
dubbed the "children's destroying angel." In 
cooperation with Paul Ehrlich (1854—1915), 
Behring succeeded in creating an antiserum 
to itin 1893 and saved the lives of many 
children. 


In 1895, Emil Behring was nominated director 
of the Institute of Hygiene at the University of 
Marburg, Germany. In 1901—4 years before 
his much-revered teacher Robert Koch—he 
was awarded the Nobel Prize for Physiology or 
Medicine for his discovery of antibodies and the 
production of vaccines. He was given the noble 
title “von.” 


In 1904, he founded a factory called Behring 
Werke in Marburg, where sera against diphtheria 
and tetanus were produced in large quantities. 
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Fig. 5.14 Right: One-step 
production of modern vaccines 
against both smallpox and 
hepatitis. 
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Fig. 5.15 Edward Jenner 
vaccinating Joseph Meister 
(top). Jenner’ s drawing of 
the cowpox-infected arm 
of dairymaid Sarah Nelmes 
(below). 
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E 5.5 The First Vaccination: Cowpox 
Against Smallpox 


If the English country doctor Edward Jenner (1749— 
1823) were to repeat his famous experiment of 1796 
(Fig. 5.15) today, he would soon find himself in prison. 
He injected 8-yearold James Phipps (1788-1853) 
with a sample from a cowpox pustule of the dairymaid 
Sarah Nelmes (Fig. 5.15). Then, 2 months later, he in- 


In vitro 


Fig. 5.16 The last patient in the 
world infected with smallpox, 
23-year-old Somali Maow 
Maalin, in 1977. 200-300 
million dollars have been spent 
on the eradication of smallpox 
in the world. 
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Fig. 5.18 Right: How vaccines 
are produced. 
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jected the boy with potentially lethal doses of smallpox. 
This would nowadays be a violation of even the most 
lax safety guidelines, only exceeded by the experiments 
of Louis Pasteur (Box 5.5). However, the boy survived, 
and Jenner helped to revolutionize medicine. Later in 
Phipps's life, a grateful Jenner gave him, his wife, and 
his two children a free lease on a cottage in Berkeley. 
The first vaccine (Latin vacca, cow) in history had 
been found, although it has been said that there were 
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already active smallpox vaccinations as early as 1000 
BC. Smallpox is thought to date back to the Egyptian 
Empire around 1500 BCE, as a smallpox-like rash was 
found on several mummies. 


Nowadays, biotechnology is revolutionizing vaccina- 
tion—making it possible to develop new vaccines in 
a very short time while dramatically reducing the risk 
involved. Jenner had correctly observed that overcom- 
ing cowpox conveyed lifelong immunity in humans, not 
only to cowpox, but also to smallpox. What Jenner did 
not know was that the cowpox virus is closely related to 
the smallpox virus. As explained above, in case of infec- 
tion by either virus, lymphocytes in the blood can trigger 
an alarm at the intrusion of antigens, causing on a com- 
mand to other cells to produce antibodies. Antibodies, 
in turn, tag the pathogens for macrophages to destroy 
virus-infected cells and viral particles (Fig. 5.7). 


As mentioned above, B-cells proliferate after antigen 
contact and activation by T-helper cells. 


While a proportion of their offspring produce large quan- 
tities of antibodies to tag the intruders, some become 


Viruses, ANTIBODIES, VACCINES, AND CANCER THERAPY 


C-reactive protein (CRP) 


memory cells that enable a fast immune reaction, 
should the organism be reinfected in the future. 


Memory B-cells can remain in the system for life—con- 
veying lifelong immunity to the relevant antigen. 


Jenner was in luck because the similarity in the struc- 
ture of cowpox and smallpox ensured that immunity 
was acquired not only for the innocuous cowpox, but 
also for the far more dangerous smallpox. It is thus pos- 
sible to prepare the immune system for the attack of life- 
threatening pathogens by exposing it to innocuous ones. 
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Fig. 5.19 Immune response to 
viral and bacterial infections. 
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Fig. 5.20 Top: Antibiotics are 
ineffective in viral infections, 
and the only useful medication 
is often an antiinflammatory 
painkiller. (French poster text: 
The flu virus is everywhere... 
Have you got aspirin?) 

Left: The first polio vaccine was 
the inactivated polio vaccine. It 
was developed by Jonas Salk and 
came into use in 1955. 


The oral polio vaccine was 
developed by Albert Sabin 
(shown on stamp) and came 
into commercial use in 1961. 
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Box 5.6 The Expert’s View: 
Why Is There Still No Vaccine for HIV? 


Looking at the limitations of antiretroviral 
medication that is currently available, it seems 
that an effective vaccine would be the only way 
to defeat AIDS. Why, you may well ask, has such 
a vaccine not yet been developed? After all, AIDS 
has been around for over 40 years and in the past 
decade alone, around one billion dollars were 
invested in HIV vaccine research. 
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Anti-AIDS campaign in China. 


The answer is rather trivial—the HI virus poses 
an unprecedented challenge for research. Not 
only are there two main types (HIV 1 and 2)— 
including many subtypes of HIV 1 with nine 
strains of HIV 1 M alone, which further divide into 
many recombinant types specific to geographical 
regions. In one defined strain, the amino sequence 
of a single antigen such as the envelope protein 
Env can vary by 20% from one isolate to the 

other. Such enormous antigen diversity is very 
unusual indeed in a viral pathogen. 


Apparently, HIV has an unmatched ability 

to change its surface characteristics and 
constantly frustrate the immune system. Not 
surprisingly, conventional vaccines targeting a 
permanent characteristic for an antibody to bind 
do not have a chance. 


Experiments that were started in the 1990s 

in the hope of generating virus-neutralizing 
antibodies through vaccination did not fulfill their 
promise. They all failed. One of the more recent 
disappointments was a vaccine from a company 
called VaxGen, targeting the gp120 envelope 
protein. The vaccine did not convey any immune 
protection in phase II clinical studies. Since then, 
the idea of finding a highly specific antibody has 
been abandoned. 
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What compounds matters further is that the 
components of defense mechanisms in the blood 
prohibiting the propagation of the virus are very 
different from those in the first line of defense 
in the genital tract, where infection must be 
prevented in the first place. 


To date, researchers have not even been able to 
find an immunological cellular tag that would 
show the effectiveness of a vaccine in a simple 
test. 


This in turn makes it difficult to predict the 
success of vaccine studies in humans. A good 
immune response to a vaccine in preliminary 
tests does not necessarily mean that the vaccine 
will prevent infection in real life. 


Researchers had long been hoping that studying 
what is called long-term nonprogressors 
(LTNP)—individuals infected with HIV, but not 
developing AIDS—would lead them to an ideal 
immunological tag. 


At first, cytotoxic T lymphocytes looked 

like good candidates, as this cell type was 

often very active in LTNPs, whereas they 
remained unremarkable in patients dying of 
AIDS. However, recent research disproved this 
assumption, but hinted at a correlation between 
a low number of virus copies per microliter of 
blood (viral load) and multifunctional CD4+ 
and CD8 + T-cells (lymphocytes that express 
both interleukin-2 and interferon-y and have a 
receptor for interleukin-7). These T-lymphocytes 
are considered to be memory cells that release 

a range of cytokines upon contact with a viral 
antigen, thus slowing down multiplication of the 
virus. 


However, the Amsterdam cohort study of 2006 
showed that the presence of multifunctional 
memory cells did nothing to predict the viral 
load, and nor was it negatively correlated with 
the progression of symptomless infection to 
AIDS. 


Not an all-purpose vaccine 


It had been observed that individuals infected 
with a “crippled” HIV virus will not develop 
AIDS for a longer period of time (more than 

17 years in one case). This had raised hopes 

that it would be possible to use attenuated live 
vaccines, and, indeed, virus variants lacking the 
Nef gene (or other gene sections required for 
virus multiplication) protected a large proportion 
of monkeys from HIV-1 infection. 


Meanwhile, it became clear that even variants 
lacking three essential gene sections could prove 


to be a biological time bomb if used as a vaccine. 
Ruth M. Ruprecht and colleagues at the Dana 
Faber Cancer Institute in Boston showed that 
artificially modified HIV variants can make 
laboratory animals ill and eventually kill them. 
So much for the idea of using attenuated live 
vaccines. 


In recent years, all hope has been resting on 
genetically engineered vaccines. A new 
strategy relies on the use of plasmid DNA 
vaccines administered together with recombinant 
vectors. These vectors are tuned to express 
several HIV-1 antigens simultaneously. Such DNA 
vaccines, however, must be administered several 
times to elicit a measurable immune response, 
which will only develop if specific adjuvants are 
added to the vaccines. Here much research still 
needs to be done. 


Top: The author in a rapid test at a blood bank 
in Guangzhou (China). Negative, fortunately! 
Bottom: All blood donations must be tested for 
HIV and various types of hepatitis so that the 
blood products are safe. 


Attenuated adenoviruses or orthopox viruses 
seem to be obvious candidates as recombinant 
vectors. 


To date, several DNA vaccine candidates have 
been identified in proof-of-concept studies. 
Recently, a DNA vaccine containing an 
adenoviral vector expressing three different 
HIV-1 B-strain antigens (gag, pol, and nef) were 
selected for a make-or-break test, a randomized 
controlled field study involving 3000 subjects. 


Top: An AIDS virus in the blood, surrounded by 
Y-shaped antibodies. Bottom: HIV is tested in a 
lab in South Africa. 


However, an intermediate analysis of what 
became known as the STEP study was so 
unsatisfactory that the study was abandoned 
prematurely. It neither protected vaccinated 
individuals from HIV infection, nor was the 
virus load in the blood of infected vaccinated 
individuals lower than in the control group. 


Even worse, HIV infection in individuals 
receiving a synthetic vaccine was even more 
widespread than in control individuals who had 
not been vaccinated. 


Researchers, who were shocked by the findings, 
assume that the adenoviral vector itself could 
have activated the immune system and thus 
disabled the intended protective effect of the 
three HIV antigens. АП in all, two decades 

of research into DNA vaccines have led to 
widespread resignation among scientists. 


Over the past decade, AIDS researchers have 
therefore lowered their ambitions as to what an 
effective vaccine should achieve. A protection rate 
of just 60% is now considered to be a success. 


By comparison, the vaccine for hepatitis B, a 
virus also transmitted through blood products 
and sexual intercourse, has a success rate of 
nearly 10076. 


An all-purpose HIV vaccine does not seem to 
be on the horizon at least for the next 20 years. 
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What is more conceivable is the development 
of a range of vaccines that will meet the 
Specific needs of different at-risk groups, such 
as noninfected gay people, adolescents in 
developing countries, or HIV carriers. In the 
latter case, this would be an antidisease vaccine 
that does not prevent infection, but strengthens 
the immune system so that it can fight the 
pathogen and prevent the development of full- 
blown AIDS. 


The actual effectiveness of a vaccine candidate 
and possible serious but rare side effects can 
only be adequately evaluated and quantified 
once several tens of thousands of individuals 
have been vaccinated in different endemic 
areas. This would involve the planning of many 
multicentered vaccination studies, which would 
then have to be approved, carried out, and 
evaluated. It is therefore thought that it will 
probably take another two decades until a 
truly reliable HIV vaccine with no side effects 
will be available. 


Even if problems on the biomedical side could 
be dealt with more quickly than expected, there 
are hurdles that cannot be overcome with ever- 
new tweaks developed by high-tech laboratories. 


In order to keep the duration of a study as short 
as possible and for statistical as well as cost 
reasons, the vaccination studies must be carried 
out where the infection rate is highest in a given 
time span, and that is sub-Saharan Africa. 


In the wake of the STEP study fiasco, health 
authorities in developing countries demand 
unequivocal evidence that a new vaccine at least 
does no harm. Whether it can help is another 
matter. 


Prof. Hermann Feldmeier teaches 
Tropical Medicine and Infectious Disease 
Epidemiology at the Charité, Humboldt 
University, Berlin, Germany. 


Designer Antibodies! 


Following success in creating a range of therapeutic 
antibodies, antibody phage display is now beginning 
to revolutionize the discovery of antibodies for research. 
The advantages are numerous: not only can animal trials 
be dispensed with and many animal lives saved, but 
also the method has large potential for miniaturization, 
which saves costs and increases throughput. Above all, 
however, it gives researchers the opportunity to exercise 
full and detailed control over the biochemical properties 
ofthe selected antibody. 

During the in vitro selection process, the biochemical 
conditions can be adjusted at will—for instance, the 
antibody can be selected to bind to just one individual 
allosteric conformation of a protein, or to a particular 
epitope. 

It is also possible to add soluble competitors during 
the selection of the antibody in order to counterselect 
for unwanted cross reactions. 

Through further miniaturization and parallelization of 
selection and production, a complete set of monoclonal 
antibodies to all proteins of the human genome could 
now be created at reasonable cost. 

Antibodies can also be custom-made for various typical 
assays. For instance, Escherichia coli can biotinylate the 
recombinant antibodies while they are being produced 
in vivo, or couple them with an enzyme (alkaline 
phosphatase) during the actual production process. 

All these options offered by antibody phage display go 
far beyond what could be obtained from an immunized 
animal. 


Prof. Stefan Dübel, Technische 
Universitat Braunschweig. 


Ming 


Fig. 5.21 After smallpox, rinderpest 
(cattle plague) was the next disease 
that was eradicated globally. Measles 
will be targeted next. 
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Box 5.7 How Antibodies Are 
Obtained 


It has been known since the research by Behring 
and Kitasato around 1890 that specifically 
binding molecules can be isolated from blood. 


The classical method is the immunization 

of laboratory animals by injecting them with 
an antigen. The immunization process must 

be repeated several times successfully before 
antibodies can be isolated from the animals’ 
sera. The Shanghai goat shown in Fig. 5.27 was 
inoculated with highly purified protein from 

a human heart muscle (h-FABP, which stands 
for heart Fatty-Acid-Binding Protein), and from 
its blood, h-FABP antibodies were isolated. 

The antibodies are a mixture of molecules that 
bind to various sites (epitopes) on the antigen. 
The strength of these bonds varies. Each of 
these specific antibodies is produced by its 


Production of polyclonal antibodies 
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own B-lymphocyte clone in the blood, and the 
immune response relies on the reproduction 
of several different clones. These are called 
polyclonal antibodies. 


Center: The method developed by Kóhler and 
Milstein uses the hybridoma technique. In 

a first step, the lab animal (usually a mouse) is 
inoculated, and the antibodies to the antigen are 
first produced in the spleen, then circulate in 
the blood and lymph systems. These are a range 
of antibodies, derived from various cell clones, 
i.e., polyclonal antibodies. However, the aim 
Was to produce large quantities of homogenous 
antibodies that only target a single epitope. 


The antibodies are not taken from the blood 

this time, but from the spleen of the inoculated 
mouse. The large number of B-lymphocytes can 
be easily isolated. B-lymphocytes originate from 
bone marrow stem cells and reproduce in the 
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spleen and lymph nodes, producing antigen- 
specific clones or differentiating into plasma cells 
or memory cells. A B-lymphocyte can only 
produce its very specific antibody. 


The B-lymphocytes undergo in vitro fusion with 
myeloma cells, which are tumor cells that are 
easily cultured. The resulting hybridoma cells give 
rise to clones that produce uniform antibodies. 
These are called monoclonal antibodies. 


The selected clones have the immortality of 
cancer cells combined with the antibody 
production of lymphocytes, and are therefore 
ready to be produced in unlimited quantities. 
However, the screening process is very labor- and 
material-intensive, as thousands of clones must 
be separately cultured and tested. 


A third alternative is recombinant antibodies 
that are not produced in animals (in vivo), but in 
bacterial or cell cultures (in vitro). 
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The last smallpox patient in the world, the Somali 
Ali Maow Maalin (1954-2013), was discharged 
from hospital on October 26, 1977 (Fig. 5.16). 
Over the following 2 years, the world population 
was scrutinized for smallpox and finally declared 
smallpox-free. 


Only two laboratories in the world still store stocks of 
smallpox viruses (one hopes!)—the international WHO 
reference labs in Atlanta (United States) and near 
Novosibirsk (Russia). There has been a debate about 
the wisdom of keeping the remaining stocks. In view of 
possible bioterrorist attacks, however, all industrial na- 
tions keep a stock of smallpox vaccines. Who would be 
confident enough to say that smallpox viruses will not 
get into the wrong hands? It may already have happened 
(Fig. 5.17). 


At the beginning of the 19th century, half a million peo- 
ple per year contracted smallpox in Germany alone. One 
in ten died, and faces scarred by smallpox were a com- 
mon sight. But this sad fact belongs to the past. For the 
first time in history, a disease has been eradicated 
due to vaccination. 


Unfortunately, there are not many pathogens that have 
such close innocuous relations, and only with Louis 
Pasteur, born the year before Jenner died, did the sys- 
tematic search for vaccines begin (Box 5.3). 
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Fig. 5.22 Left: How antibodies form complexes with antigens: 
The cartoon shows how Y-shaped antibodies (molecules 
shaped like kangaroos) bind antigens (e.g., viruses, kangaroo 
babies in the cartoon) to their two arms and form large 
complexes that render the solution cloudy. This is how the first 
immune reactions were technically measured. Where there was 
no antigen, no complexes causing turbidity could form. 
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Fig. 5.23 An ELISA (enzyme-linked 
immunosorbent assay) can detect 
whether a patient has produced 
antibodies against the virus in 
question, i.e., if he/she has been 
infected with it. 


Virus Warning 


; Microtiter plate 
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been infected? 


Fig. 5.24 A polystyrol ELISA 
plate contains 8x12 — 96 

wells for immune reactions to 
take place. It is filled using a 
multichannel pipette. The eight 
pipette tips are exchangeable. 
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Box 5.8 Biotech History: 
Monoclonal Antibodies 


Georges Kohler (1946-1995), who had studied 
in Freiburg, Germany, and written his PhD thesis 
in Basel, Switzerland, went to Cambridge in 
1974 to work in Cesar Milstein’s (1927-2002) 
lab for 2 years. 


Milstein had found a way around the 

problem that it is not possible to grow normal 
lymphocytes in cell colonies to provide a supply 
of antibodies. He cultured myeloma cells instead, 
which he had obtained from mice. These are 
cells descending from lymphocytes which have 
turned malignant. They have retained the ability 
of lymphocytes to produce antibodies, while 
also having the cancer cell characteristic of 
being immortal. If it were possible to interbreed 
them somehow, i.e., fuse them with normal 
lymphocytes of known specificity, would the 
daughter cells produce those specific antibodies 
alongside the myeloma antibodies? In their 
experiment, they used erythrocytes (red blood 
cells) from sheep as an antigen and injected 
them into mice. Once the immune reaction 

had fully developed, they took out the spleen 
where lymphocytes form in large quantities. 
They mashed the spleen tissue and mixed it 
with myeloma cell cultures, adding polyethylene 
glycol, a chemical compound that facilitates cell 


And indeed, this cellular mix and match fulfilled 
expectations and produced spectacular results. 
Using the sheep erythrocytes as a test antigen, 
Köhler and Milstein identified a considerable 
number of hybrid cells that recognized the 
erythrocytes as foreign and produced antibodies 
to them. Single hybrids could be grown in 
cultures, having inherited the immortality trait 
from their myeloma cell parents. They also 
produced the antibody of known specificity 
which they had inherited from their lymphocyte 
parent. These cells were called hybridoma cells. 


Georges Kohler 


After being awarded the Nobel Prize in 1984, (1946-1995). 


Georges Köhler was asked in an interview why 
he and Milstein had not patented their method. 
After all, they could have earned millions, given the 
billions of dollars in sales of monoclonal antibodies. 


Kóhler replied: “Prof. Milstein told the relevant 
people on the Medical Research Council that we 
had found something that could be patented, 
but we did not get any reply. So we were not 
bothered and publicized our method. We are 
scientists, not businessmen. 


I don't think scientists should patent anything. At 
the time, we did not think long and hard about 

it, but decided spontaneously, from the heart. It 
would have meant that I would have had to learn 
how to deal with money, how to negotiate licenses. 


fusion. They hoped that this would result in 
hybrids with the desired properties. 


It would have changed my whole personality, and 
I don't think it would have done me any good." 


Cesar Milstein 
(1927-2002). 


But we can also help a tetanus-infected patient without 
previous vaccination, by directly injecting protective 
antibodies (Tetanus antiserum or passive vaccine) 
which can neutralize the toxin immediately. 


Bi 5.6 Contemporary Vaccination 


Nowadays, vaccination relies on toxoids for vaccina- 
tion, killed or weakened live pathogens, and antigens 
produced by recombinant DNA or mRNA technology. 
Thanks to the success of genetic engineering, research 
is also being done on modified live vaccines and peptide 
vaccines (Figs. 5.18—5.20). 


Cholera, polio, and typhoid vaccines consist of chemi- 
cally killed bacteria or viruses. In other words, these 
vaccines contain pathogens that cannot cause the dis- 
ease, but that retain all the antigens. 


Toxoids are extracts from toxins released by pathogens. 
They are neutralized (sometimes using formalin) but 
can still stimulate the body's immune system, when in- 
jected. Vaccines against tetanus and diphtheria belong to 
this class (Fig. 5.21). 


Cholera vaccine, e.g., cannot cause an outbreak of the 
disease, even though it contains the cholera bacterium 
toxin (it has been rendered ineffective). Cholera vaccine 
is simply swallowed: it is an active oral vaccine. It is 
said to be active because the organism produces its own 
antibodies against the killed bacteria and the toxin. 


The tetanus pathogen Clostridium tetani (the one 
who dwells in the ground), e.g., can infect an open 
wound and inject a neurotoxic protein into the blood- 
stream. This results in spastic paralysis—it used to be a 
shocking sight among soldiers wounded in battle. 


Cholera vaccination provides strong protection against 


Fig. 5.25 Top: Dietmar Fuchs Й й 
the disease: approximately 90%. 


(University of Innsbruck, 
Austria), the world' s leading 
expert on neopterin, which is 
asignaling molecule produced 
by macrophages after a virus 
attack. Neopterin can be traced 
shortly after any kind of viral 


Adults and children from 6 years on are given two vacci- 
nations, between 1 and 6 weeks apart. Protection begins 


The tetanus vaccine consists of an inactivated neuro- 8 days after the vaccination and lasts about 2 years. 


toxin, requiring a booster every 10 years to maintain 


a sufficient number of antibodies circulating in the 
system. 


attack. Bottom: neopterin 
molecule. 
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Rubella and measles vaccinations rely on attenu- 
ated (weakened) pathogens. Unfortunately, there have 


been a number of incidents in which the pathogens had 
not been sufficiently attenuated. 


Various genetically engineered vaccines for humans 
and animals have been in use since 1985, e.g., against 
foot-and-mouth disease in cattle. A recombinant vac- 
cine was developed in 2006 against strains of Human 
Papilloma Virus (HPV) that cause the majority (80%) 
of all cervical cancers. It has since been rolled out in 
most countries in the world, although it is still not 
available in some US states. Since the introduction of 
HPV vaccination in England in 2008, infections of HPV 
types 16/18 in 16-21-yearold women have reduced by 
86%—a very effective move. 


The first genetically engineered vaccine designed for 
humans was approved in 1986 in the United States. It 
protects against hepatitis B, a chronic disease caused by 
a DNA virus (HBV) that affects some 300 million peo- 
ple. Every year, 884,000 people die due to hepatitis B. It 
causes one of the most frequent infectious diseases world- 
wide, alongside tuberculosis and HIV. Up to 2576 of peo- 
ple affected die from HBV sequels that include cirrhosis or 
carcinoma of the liver. The virus is endemic in Southeast 
Asia and in sub-Saharan Africa. Thanks to vaccination pro- 
grams, its presence in the Western European and US pop- 
ulations has been reduced to 0.176 chronic virus carriers. 


The conventional production of hepatitis B vaccine was 
facing huge problems. In contrast to most other microor- 
ganisms, hepatitis B viruses cannot be bred in con- 
ventional nutrient media or animal embryos (such as 
fertilized chicken eggs). Infected blood had to be used in- 
stead. The vaccine manufacturing process consisted of isolat- 
ing viruses from the blood of infected carriers, detaching viral 
envelope proteins with detergents (which mostly destroy the 
viruses), and purifying them. These envelope proteins pro- 
voked immune reactions and thus made the vaccines. 


Infected blood is, of course, dangerous to work with. 
All members of the lab had to be immunized, i.e., 
vaccinated, and the work was carried out in isolated se- 
cure labs. The matter was further complicated because 
each batch had to be tested on chimpanzees (of which, 
for ethical reasons, there were only a limited number 
available) in order to make sure no live virus remained. 


A full year was needed to produce a batch of hepatitis B 
vaccine in this way. Unsurprisingly, only a very limited 
amount of natural vaccine was available and only high- 
risk groups could be vaccinated. 


The new genetically engineered vaccine against hep- 
atitis is produced by genetically modified eukaryotic cells 
in culture: yeasts or mammalian cells. Both types of cells 
produce a viral surface protein. Because no virus is present 
at any stage, the new vaccine can never cause hepatitis. 


Vaccine production in Æ. coli has not proved to be very 
effective because bacteria are not able to imitate the 
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protein modifications carried out by pathogens, such as 
glycosylations in particular (see end of Chapter 3). 


DNA vaccines constitute a possible alternative to vac- 
cines against proteins. The idea here is to introduce an 
individual gene that encodes an antigen and express it 
inside the organism. 


Making a DNA vaccine would be very simple. 
Unfortunately, this approach is limited because of un- 
wanted immune reactions, i.e., allergies. 


Recombinant vaccines represent a major break- 
through in the field. They can be manufactured when- 
ever a surface protein of a pathogen can be shown to 
cause an immune response. 


The gene responsible for this protein is isolated from the 
pathogen's genome and inserted into that of harmless 
microorganisms such as bakers' yeast or mammalian 
organisms, which could then produce large amounts of 


Fig. 5.26 Above: Blind monks 
examining an elephant, a work 
of Japanese artist Hanabusa 
Itcho (1652-1724). This is an 
allegory to the immune system. 


Below: How hybridoma cells 
for monoclonal antibodies 
are made: Lymphocytes are 
isolated from the spleen of 
a mouse and fused (either 
using a chemical such as 
polyethylene glycol or 
electrofusion) with myeloma 
cells, i.e., immune cells that 
have turned malignant. 
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Fig. 5.27 Polyclonal antibodies 
are obtained from rabbits 
and—in larger quantities — 
from goats. Pictured here is 
“our” goat in Shanghai that 
was injected with antigens 

(in our case the heart attack 
marker FABP) to stimulate the 
production of antibodies. 


aan 3880 


Fig. 5.28 A queue of donors 
at the reception desk of the 
Guangzhou blood bank in 
China. Rapid “doorkeeper” 
tests for syphilis and hepatitis 
detect infected individuals 
upfront, who will then be 
barred from giving blood. It 
would be great to have a rapid 
neopterin test here! 
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the protein. There is an added bonus to the method: 
viral contamination of the vaccine is impossible. 


The most comprehensive and flawed vaccination pro- 
gram ever carried out in Germany started in late October 
2009, after the outbreak of the swine flu virus. Little 
information was available about the vaccine’s benefits 
and risks and public opinion about mass vaccination was 
hesitant and skeptical. 


In late 2011, the Pandemrix vaccine reached its expi- 
ration date. Some 16 million doses, worth 130 million 
Euros, were burned at a temperature of 1,000°C, con- 
tributing to one of the greatest flops in the history of 
German health services. 


The 2020 SARS-CoV-2 pandemic saw the first approv- 
als of mRNA vaccines, which consist of encapsulated 
encoding viral RNA fragments. After vaccination, the 
RNA directly starts to produce virus proteins inside 
cells, which then activate the cellular immune response 
against the intruder. 


E 5.7 Live Vaccines 


Rabies has been an almost worldwide scourge for most 
of history, with the exception of Northwestern Europe, 
Japan, Australia, and a few Pacific islands. 


But nowadays, foxes in Europe’s woodlands are bio- 
technologically protected. Baits are laced with live vac- 
cines. In live vaccines, innocuous viruses such as the 
cowpox virus ( Vaccinia) are used as vectors to transport 
foreign genes. 


Vaccinia double-stranded viral DNA comprises 
180,000 base pairs. In 1982, it was shown that at 
least two larger sections of the DNA are not needed 
for reproduction. These can therefore be replaced 
with foreign DNA. Genes that code for envelope 
proteins with an antigenic effect can thus be sta- 
bly inserted into the viral genome in a way that does 
not affect the ability of the vector virus to infect mam- 
malian cells. 


Up to 20 foreign genes can be simultaneously intro- 
duced in this way, preceded by Vaccinia DNA promoter 
sequences that switch on their expression, yielding anti- 
genic proteins (Fig. 5.14). The method has been success- 
ful in animal experiments, resulting in the production of 
surface antigens of hepatitis B, rabies, herpes simplex, 
and influenza viruses. 


Developing an effective vaccine against HIV has 
proved a formidable challenge, ever since the first tri- 
als back in 1987. There are numerous challenges to 
be overcome: HIV inactivates the body’s capacity to 
produce antibodies, the very system that makes vac- 
cination possible. HIV antigens can rapidly change 


through mutation, and killed HIV is poorly antigenic. 
Nevertheless, at least one trial, started in Thailand in 
2003, is showing promise by reducing infection rates 
in tested volunteers by 26%. The recombinant vaccine, 
dubbed RV144, consists of an innocuous form of ca- 
narypox, a bird virus harmless for humans, containing 
genetically engineered versions of three HIV genes. 
The HIV proteins that are expressed pose no risk what- 
soever but elicit an immune reaction in the organism. 
However, nearly 20 years on, there is still no effective 
vaccine against HIV on the market. 


Edible vaccines are highly controversial. In Chapter 7, 
we will look at the creation of transgenic plants. 
Specifically marked (perhaps through blue pigment, see 
Fig. 7.52) bananas or potatoes could be used to produce 
such oral vaccines and be ingested as food, the anti- 
gen traversing the gastrointestinal tract and conferring 
immunization. 


B 5.8 Monoclonal Antibodies 


1975 saw a ground-breaking publication. Cesar 
Milstein (1927—2002, Box 5.8), an Argentinian who 
had fled the military dictatorship in his native country 
and worked in Cambridge, and the German Georges 
Kóhler (1946—1995) described a method to produce 
monoclonal antibodies (mAbs). These are antibod- 
ies with identical molecular structure and specificity. 
Monoclonal antibodies ushered in a new era in bio- 
chemical analysis and medical diagnostics and thera- 
peutics. The unique ability of the immune system to 
recognize certain structures at a molecular level could 
now be harnessed by humans. Unsurprisingly, the 
two scientists were awarded the Nobel Prize in 1984 
(Box 5.6). 


The method involves immunizing an animal, retriev- 
ing spleen tissue from it, growing a mixed culture 
of myeloma and spleen cells, fusing them, and then 
selecting and breeding hybridoma cells (Box 5.7). 
What makes the procedure so revolutionary is the 
easy manufacturing of large amounts of specific 
antibodies. 


Opera buffs are familiar with the plot of Carl Maria 
von Weber's “Freischiitz” where young Max tries 
to get hold of magic bullets that always find their 
target (Fig. 5.30). Such magic bullets were also the 
dream of Paul Ehrlich, and monoclonal antibodies 
are just that in modern medicine, where they are 
widely used as diagnostic and therapeutic molecules 
(Fig. 5.22). 


Consider a viral infection, e.g., with the body producing 
antibodies as a response to a viral attack. Monoclonal 
antibodies against this particular virus can be used to 
identify the virus in the body fluids of the patient (see 


Chapter 10, ELISA test for viruses). Such tests have 
already become routine for HIV and hepatitis (Figs. 5.23 
and 5.24). Monoclonal antibodies can also be used di- 
rectly for "passive vaccination" to neutralize virus in- 
truders before they can enter the cells, as demonstrated 
in the SARS-CoV-2 pandemic. 


Often, however, it is not the virus itself that is 
identified. This would require very sensitive tests. 
Instead, monoclonal antibodies detect the antibodies 
produced by the patient in response to the infection. 
Because it can take weeks until these are produced in 
significant quantities, a recent HIV infection can go 
undetected. 


When the SARS epidemic emerged in Hong Kong in 
2003, it proved tricky to detect viruses quickly and reli- 
ably, even using high-tech diagnostics such as the poly- 
merase chain reaction (PCR, see Chapter 10). The 
problem was compounded by the fact that the sensitivity 
of PCR is such that even contamination from the air in 
the lab would yield positive results. As a consequence, 
healthy individuals were misdiagnosed as having SARS 
(false-positives) and sent to hospital where they became 
infected with SARS. 


What is true for viruses applies to other kinds of patho- 
gens as well, and even for pathological surface structures 
of body cells. In certain kinds of cancer, for instance, 
tumor cells display specific membrane proteins. These 
can help the immune system to recognize them as tumor 
cells and are therefore called tumor markers. It is possible 
to produce monoclonal antibodies against such tumor 
markers, which can then be used in diagnostics to de- 
termine the size and position of the tumor in the body. 
Based on these results, a better decision can be made 
With regard to the treatment of the tumor, be it surgery 
or radiotherapy. 


This is how the tumor is tracked down: A monoclonal 
antibody is radioactively labeled in a chemical in 
the in vitro process and then injected into the patient's 
bloodstream. 


The antibodies circulate throughout the body but are 
immobilized if they encounter a tumor marker. Thus, 
after a while, a cluster of radioactivity emerges 
where the tumor is. In order to keep radiation to a 
minimum, only low-level radioactivity is used in the 
process, with measuring tools that are sensitive enough 
to detect it. 


Monoclonal antibodies have revolutionized the field of 
medical diagnostics because they can detect essentially 
any protein with utmost precision in any organ, tissue, 
or biological mixture. But diagnostics are only the begin- 
ning of what mAbs can do. 
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Desired chemical reaction 


Constructing a stable 
model compound 


Acid 


(R3) Alcohol 


Catalytically converted ester 


Bi 5.9 Catalytic Antibodies 


Can antibodies act as enzymes? Given that both 
antibodies and enzymes bind to molecules in a simi- 
lar way, i.e., through induced fit, Richard A. Lerner 
(1938-2021) and his team at the Scripps Clinic in 
California had the idea of building antibodies with cat- 
alytic properties. 


Enzymes drastically reduce the activation energy re- 
quired for the reaction to occur by binding not to the 
substrate itself, but to a transition state of the substrate 
(see Chapter 2). Thus, the transition state is stabilized 


Fig. 5.29 The production of 
catalytic antibodies, in this 
case catalytic antibodies for 
ester hydrolysis (diagram 
left). Below: Despite its crucial 
significance in synthetic 
chemistry, the Diels-Alder 
reaction cannot be catalyzed 
by natural enzymes. The 

two starting compounds 
form a short-lived instable 
intermediate complex (shown 
in red) that dissociates into 
sulfur dioxide and the end 
product. Enzymes act by 
stabilizing the intermediate 
state. In order to turn an 
antibody into an enzyme, 
the intermediate state of the 
product must be chemically 
stabilized or mimicked. 
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The green compound is such 

a stable imitation. It is then 
injected into mice and elicits 
an antibody reaction. The 
antibodies have catalytic action, 
i.e., they convert the starting 
products, although their 
effectiveness is not as dramatic 
as that of true enzymes. The 
diagram shows a top view of 
the one "hand" of the antibody. 


Fig. 5.30 /f Samiel, the devil 
in the opera "Der Freischütz," 
had been around nowadays, 
he would have given away 
monoclonal antibodies rather 
than magic bullets. 
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Box 5.9 The Expert’s View: 
Frances S. Ligler: Sensing With 
Antibodies to Detect Something 
Lethal 


In September and October of 2001, several 
cases of anthrax broke out in the United States. 
It motivated efforts to define biodefense and 
biosecurity, where more limited definitions 

of biosafety had focused on unintentional 

or accidental impacts of agricultural and 
medical technologies. The Center for Disease 
Control (CDC) has defined and categorized 
bioterrorism agents according to priority. 
Category A agents are biological agents with 
both a high potential for adverse public health 
impact and that also have a serious potential 
for large-scale dissemination. The Category 

A agents are anthrax (by Bacillus anthracis 
bacterium), smallpox (by Vaccinia virus), plague 
(by Yersinia pestis bacterium), botulism (by 
Clostridium botulinum), tularemia (Rabbit 
Fever by Francisella tularensis bacterium), and 
viral hemorrhagic fevers (Ebola and Marburg 
viruses). 


The human body has developed elegant methods 
for the recognition of hazardous molecules 

and pathogens. The most well-known and best 
understood of these protective mechanisms 
involve antibodies. One of the most alluring 
characteristics of antibodies is that they can be 
generated to recognize most molecules with 

a unique shape and perform that recognition 
function in a way that is highly specific. 
However, in contrast to enzymes, antibodies do 
not convert the bound molecule (antigen) into 
a product. 


How to Generate a Signal? 


One needs a label to get a signal out of 
an antibody-antigen reaction, and one 
needs a sensor to detect and quantify the 
signal. 


ELISAs and immunodipsticks are already on 
he market: pregnancy tests are using colloidal 
gold to label a detector antibody to detect 
human choriogonadotropine (hcG). These 

ests are onetime tests, carried out only when 
needed. 


But how can one monitor continuously 

he environment, e.g., to protect us from 
bioterrorist attacks? Early antibody-based sensor 
devices in the years 1975—1985 relied on two 
big leaps: 


The first was that antibodies could be 
integrated with optical and electronic 
hardware to provide a direct readout of antigen 
binding that was more sensitive than the human 
eye. 
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Recently, anthrax has gained the potential to be a 
major threat through bioterrorism. It is an effective 
weapon because it forms sturdy spores that may 
be stored for years, and which rapidly lead to lethal 
infections when inhaled. 


Anthrax is caused by an unusually 

arge bacterium, Bacillus anthracis. Once its 
spores lodge in the skin or in the lungs, it rapidly 
begins growth and produces a deadly three-part 
oxin. 


These toxins are frighteningly effective, designed 
or maximum lethality. 


They combine two functions: part is a delivery 
mechanism that seeks out cells, and part is 
a toxic enzyme that rapidly kills the cell. In 
anthrax toxins, there is one delivery molecule, 


termed “protective antigen,” because of its use in 
anthrax vaccines (shown on the left). It delivers 
the other two parts, edema factor and lethal 
factor (center and right), which are the toxic 
components that attack cells. 


The second concept was that antibodies 

could bind their target antigens after being 
immobilized on a sensor surface instead of 
binding the antigen in solution to generate a 
detection event. 


The development of diode lasers, light-emitting 
diodes (LEDs), photodiodes, CCD and CMOS 
cameras, and other small, inexpensive optical 
and electronic components sparked advances in 
sensor hardware development. However, the 
problem of maintaining antibody functionality 
after immobilization had to be solved first 

in order to justify device development. This is 
where my lab made its first major contribution to 
the field in the late 1980s. 


How to keep antibodies functional? 


Intact IgG antibodies are Y-shaped molecules, 
with binding sites at the end of each arm of the 
Y. The prevalent scientific thinking was that the 
best approach to immobilization would be one 
that bound the feet of the Y to the sensing 
surface, leaving the arms to wave free into the 
sample. 


The two primary methods of doing this relied on 
using either the carbohydrate side chains in the 
Fc (or “legs region”) of the Y or on fragmenting 
the Y (by enzymes like papain, see Chapter 3) 
in order to generate a free thiol (-SH) group 
for attachment. While these approaches were 
moderately successful, they did not address the 
two most critical problems in preserving the 
antigen-binding capability of the immobilized 
antibodies: the “fried egg" effect and the 
“Gulliver” effect. 


The “Fried Egg” Effect 


Antibodies, like many other proteins, like to 
adsorb to surfaces. The initial interaction of 
the hydrophilic outside of the protein with the 
more hydrophobic surface is weak; however, 


over time, the hydrophobic inside of the protein 
begins to interact with and bind tightly to the 
surface. 


Visualize a raw egg inside the shell with the 
hydrophobic "yolk" safely surrounded by the 
more hydrophilic egg white. When the shell is 
broken and the egg plopped onto a hot surface, 
the white spreads out, leaving the yolk in 

close proximity to the frying pan. An antibody 
undergoing such a conformational change is 
definitely not in the optimum configuration for 
antigen-binding. In order to avoid the fried egg 
effect, the surface must be modified to be as 
hydrophilic as possible, and direct interactions 
between the surface and the antibody are 
discouraged. 


In Jonathan Swift’s Gulliver's Travels, Gulliver 
awakens on the shores of Lilliput to find himself 
tied down by the Little People using lots of tiny 
ropes. He cannot move his arms or legs. Initial 
methods for attaching antibodies to surfaces 
used cross-linking molecules that attached the 
antibodies to the sensor surface in lots of places, 
limiting the ability of the binding arms of Y to 
function away from the surface. An ideal cross- 
linker would bind the antibody to the sensor 
surface in only a few places, and preferably in the 
legs of the Y. 


c -—— 


dos d H me ] 


Gulliver tied down by the Lilliputians. 


In the late 1980s, my lab first used a special class 
of cross-linkers to attach antibodies to a sensor 
surface modified with a hydrophilic film. These 
"heterobifunctional" cross-linkers had one end 
that bound only to the antibody and an opposite 
end that bound only to the modified surface 

so that antibodies could not be inadvertently 
attached to each other. 


The use of the silane films and 
heterobifunctional cross-linkers was rapidly 
accepted and is now widely employed for 
antibody immobilization, avoiding the "fried egg 
effect." 


The Gulliver effect 


Our second breakthrough in antibody 
immobilization solved the Gulliver problem. It 
is well known that the B-vitamin biotin binds 
very tightly to the egg white protein avidin. 


Viruses, ANTIBODIES, VACCINES, AND CANCER THERAPY i 


Though not the first investigators to attach 
antibodies through a biotin bridge to avidin on a 
surface, we demonstrated that antibody function 
could be optimized by attaching only two or 
three biotins to each antibody. The resulting 
method of attaching the antibody to the surface 
had several advantages: The avidin provided a 
nice, hydrophilic cushion between the antibody 
and the sensor surface to prevent the “fried egg 
effect.” The limitation on the number of cross- 
links prevented the Gulliver effect. And finally, 
the limitation on the number of modifications to 
the antibody minimized the chance of directly 
damaging the active site of the antibody. 


Biosensors using immobilized antibodies 


The devices sensing the binding of antigens to 
antibodies have become incredibly sophisticated, 
but with that sophistication, they have become 
much simpler to operate and much more reliable 
in performance. For example, the first fielded 
fiber-optic biosensor weighed 150 pounds, fluids 
were manually manipulated, and samples were 
tested for only one target at a time. Now, you 
can purchase a fiber-optic biosensor that is fully 
automated, tests for eight targets simultaneously, 
and fits in a backpack along with an air sampler. 
Another version of this system has been flown 
on a very small unmanned plane as part of 

a 10-pound payload and was able to identify 
bacteria while flying through the air. 


Most of these immunosensors use the 
following (simplified) principle (see big 
Figure!): The capture antibodies are bound (via 
avidin and biotin) onto a glass surface. This can 
be a fiber-optic or a simple glass slide. A laser 
beam is directed through the glass to the surface 
that carries the antibodies. If the glass is covered 
with a fluid, two different refraction indices 
apply. If the beam hits the surface at less than 
the critical angle, total internal reflection (TIR) of 
the light beam occurs, generating an evanescent 
wave on the glass surface which penetrates 

100 nm into the liquid solution—precisely the 
operating region of detector antibodies! In fact, 
two detector antibodies are used. When the 
first or capture antibody binds to the antigen, 

a second antibody carrying a fluorescent tracer 
binds to the caught antigen to form a sandwich. 


The evanescent wave excites the fluorescent 


tracers: they start to emit light, indicating that the 


antigen has been bound and detected. Unbound 
detector antibodies are not excited, as they are 
not within the reach of the evanescent wave. 
The fluorescent signal is detected, filtered, and 
amplified. 


These immunosensors are sensitive to parts 


per billion or better—e.g., a tablespoon of drugs 


or explosives in an Olympic-sized swimming 
pool. 


Antibody-based biosensor built for deployment 
in Desert Storm (150 pounds, manual operation, 
big laser and electronic components). 


BioHawk: Man-portable air sampler and 
biothreat agent detector. 


Swallow: Unmanned Airborne Vehicle equipped 
with air sampler (tube extending from nose) 
and antibody-based biosensor for remote 
identification of biothreat agents. 
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Immunosensor using the evanescent wave effect for exciting labels bound to detector antibodies (for 


details, see running text). 


Array biosensors have been developed in order to 
simultaneously monitor for large numbers of targets. 
These systems rely on an array of antibodies in 
discrete spots on a flat surface. 


Sample and fluorescent tracer molecules cause 
fluorescent complexes to form on some of the 
antibody spots but not on others. The identity of 
the target can be determined by the location of 
the spots that light up. The intensity of the signal 
provides quantitative information on the amount 
of the target present in the sample. 


Users of antibody-based biosensors have become 
less concerned with how they work than 
with how easily and cheaply they can 

be used. To make them easier to use, small 
plumbing systems (microfluidics) are becoming 
increasingly used. 


Advances in optics offer new opportunities for 
increased sensitivity and reductions in size and 
cost. Silicon technology is producing better and 
better integrated optical waveguides for highly 
multiplexed analyses. Arrays of single photon 
detectors may offer the opportunity to detect one 
target if the antibody binding is sufficiently long- 
lived and if the background can be sufficiently 
reduced. 


The production of devices based on organic 
polymers, such as organic LEDs, transistors, 
and photodiodes, is also very exciting because 
they should be relatively simple to integrate 
with biological recognition elements and 
polymer-based microfluidics to form monolithic, 
inexpensive, or disposable sensors. 
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Principle of molecular recognition by antibodies. 


Enzyme-linked Immunosorbent Assay (ELISA): a 
capture antibody is immobilized to the surface 
and binds the antigen. The detector antibody is 
labeled with an enzyme and forms a "sandwich" 
structure. After washing steps and adding 
colorless substrates, a colored product is formed 
(proportional to antigen concentration). 


Novel antibody-based biosensors are highly 
sensitive and have proved their worth in 

the detection and monitoring of pesticides 

in agriculture, toxins and pathogens in 
homogenized foods, disease markers in clinical 
fluids, and biothreat agents in air and water. 


Thus, analytical biotechnology helps to make our 
lives safer. 


The author, Dr. Frances Ligler, competing in the 
hardest 100-mile horse race in the United States, the 
Tevis Cup Race. This race is held in the Sierra Nevada 
mountains. She does like climbing mountains, in 
both scientific and equestrian endeavors. 
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while economizing on energy. The time needed to 
establish a reaction equilibrium can often be divided by 
a factor of 10°-10'? and thus considerably sped up com- 
pared to an uncatalyzed reaction. 


Lerner’s idea was the following: If it were possible to 
develop an antibody against transition states of com- 
pounds, it should be possible for the antibody to catalyze 
the relevant reactions. In order to produce antibodies, 
antigens were required that would elicit an immune re- 
sponse in a lab animal. However, the transition state of 
a substrate is so unstable that it does not exist as a 
free molecule, and it is therefore impossible to make a lab 
animal produce antibodies. The problem was solved by 
chemically building models that perfectly resembled the 
chemical and spatial structure of the actual transition state 
of a substrate but were stable (Fig. 5.29). 


Here is an example: in ester hydrolysis (cleavage by 
inserting water into an ester), the reaction of the planar 
ester molecule (atoms lying in the same plane) involves a 
transition state in which the atoms are arranged as a tet- 
rahedron (atoms sitting in the corners of the tetrahedron) 
before reaching the final planar shape (acid and alcohol). 
The ester is electrically neutral, while the transition state 
is polarized through positive and negative charges. 


A stable model compound was found where phos- 
phorus substitutes the central carbon atom of the 
ester (Fig. 5.29). The molecule imitates the geometry 
and charge distribution of the unstable transition state. 
The model compound was bound to a carrier molecule 
which successfully elicited an immune reaction in mice. 
Later, hybridoma cells were created with the ability to 
bind to the model compound. 


Ester was added to various monoclonal antibodies ob- 
tained in this way. Some of them showed no effect. 
These were probably specific to a part of the molecule 
that is not relevant to the transition state. 


However, more than four decades after their first discov- 
ery, it has become clear that the conversion rates of cat- 
alytic antibodies are typically orders of magnitude lower 
than those of naive enzymes, which still limits their prac- 
tical use to niche applications. A hypothesis for this lack 
of efficiency despite the fact that the almost unlimited 
structural variance of an antigen-binding site can accom- 
modate is that the paratope (the highly variable polypep- 
tide loops which contact the antigens) of an antibody 
typically forms a rather flat structure and is not optimal 
for small molecules which are the typical substrates of 
enzymes. The antibody structure has been optimized in 
evolution to recognize larger molecules, typically pro- 
teins of an intruder, which requires a large shallow or flat 
binding area. In contrast, most efficient enzymes have 
deep grooves to engulf small molecules, providing much 
higher affinities to the substrates before the conversion, 
thus significantly speeding up the total conversion rate. 
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Fig. 5.31 Preparing a recombinant antibody gene library for phage display. 


Fig. 5.32 Another way of 
producing a gene library of 
human antibodies outside 
the human immune system is 
through transgenic mice. 


In these mice, their own 
antibody genes have been 
removed and replaced by a 
comprehensive set of human 
genes. 


After immunization, hybridoma 
technology (Boxes 5.7 and 
5.8) is used to obtain cell lines 
from the spleen, which secrete 
human antibodies. 


This method has become 
another widely used source for 
therapeutic human antibodies 
alongside phage display. 
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Above: Combinatorial antibody gene library 
(Fig. 5.29) 
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Fig. 5.33 Above: The principle of antibody phage display. 


Left: Frank Breitling, who thought of this method on a visit to the 
Heidelberg outdoor swimming pool with Stefan Diibel. Message: 
Even scientists should sometimes relax to get new ideas! 
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E 5.10 Therapeutic Monoclonal 
Antibodies: Today's Magic Bullets 


Paul Ehrlich's name for an antibody was the magic 
bullet, a name emphasizing its selective toxicity for 
certain pathogens. However, the first magic bullet was 
not an antibody, but a chemotherapeutic drug called 
salvarsan and is known in the English-speaking world 
as arsphenamine. It was developed in 1909 by Paul 
Ehrlich and Sahachiro Hata (1873-1838, Fig. 5.37). 
The German name is derived from the Latin salvare—to 
save, sanus, healthy—and arsenic and could be inter- 
preted as "healing arsenic." It is a milestone in drug re- 
search as, for the first time, a targeted antimicrobial drug 
was available to tackle a dangerous infectious disease. 
The effectiveness of arsphenamine was such that some 
infections like syphilis could be cured with a single in- 
jection (Figs. 5.38 and 5.39). 


The first antibody therapeutics were generated more 
than hundred and thirty years ago by Paul Ehrlich. 
His passive vaccines against diphtheria or Tetanus tox- 
ins were made by immunizing horses and, after a few 
weeks, collecting their serum that contained the ther- 
apeutic antibodies. These first "therapeutic antibody" 
drugs saved the lives of countless patients and initiated 
a still ongoing success story that has taken up pace. 
Today, more than 100 therapeutic monoclonal antibod- 
ies have been approved for clinical use in the European 
Union and the United States (See Table Antibodies). 
They are the fastest-growing class of novel therapeutic 
molecules and comprise the world's best-selling drugs. 
While different diseases are amenable to monoclonal 
antibody therapies, progress has been most spectacular 
on the fight against cancer, with a variety of antibodies 
and antibody-derived proteins with increasingly sophis- 
ticated modes of action (described below). In 2021, 
Aducanumab, a monoclonal antibody targeting beta- 
amyloid formation, the suspected cause of Alzheimer's 
disease, has been approved by the FDA. 


Has Ehrlich's dream of magic bullets come true? It has 
indeed (Fig. 5.40). 


E 5.11 Recombinant Antibodies 


Before the emergence of gene technology, the traditional 
way of obtaining antibodies was by immunization (poly- 
clonal antibodies isolated directly from animal serum) 
or by hybridoma technology (monoclonal antibodies) 
(Box 5.7). These techniques are labor-intensive and im- 
ply animal research. 


Nowadays, it is possible to produce antibodies with- 
out animals, using only cell cultures and viruses. The 
techniques rely on the antigen-binding parts of the 
“Y”-shaped immunoglobulin molecule, either Fab frag- 
ments (Box 5.3) or single-chain Fv (scFc)-fragments, 


which both contain the very regions respon- 
sible for the endless variety of binding spec- 
ificities. The procedure for their generation 
outside an immune system relies on a smart 
recombinant DNA trick. 


Recombinant antibodies are also mono- 
clonal (derived from a single clone) and 
highly specific, binding precisely to their 
epitope. Notably, the definition of “mono- 
clonal" antibodies has been sharpened by the 
availability of recombinant antibodies, since 
preparations of monoclonal antibodies made 
by the hybridoma method (Box 5.8, Fig. 5.26, 
Section 5.8) may contain a mixture of several 
different antibodies. Many of the tetraploid 
cells resulting from the B-cell/myeloma fu- 
sion can express more than one antibody light 
chain, which leads to three different species 
of IgG molecules, as has been recently shown 
for a significant number of hybridomas in a 
multicentric sequencing study. Consequently, 
in therapeutic applications where the identity 
of the drug molecules must be unambiguously 
defined, all antibodies are today produced 
by recombinant methods. Recent initiatives 
also asked for an increased application of 
sequence-defined (recombinant) antibodies 
in diagnostics and research, since the unde- 
ined and polyclonal nature of currently used 
mainly polyclonal research antibodies has led 
to countless false results. A recently presented 
solution to this problem is the use of a defined 
mixture of several different recombinant an- 
tibodies. Such multiclonal antibodies can 
now be used to replace the undefined mix- 
tures in polyclonal animal serum which still 
make up most of the secondary antibodies 
used today. 


The smallest antibody fragment containing 
the complete antigen-binding site is the Fv 
fragment, consisting of the variable regions of 
heavy and light chain. Fv fragments lack the 
stabilizing disulfide bridges of constant chains 
and need extra stabilization. This is usually 
done by linker peptides that connect both 
polypeptides into a single protein strand. This 
results in single-chain Fv fragments (scFv 
fragments). Often, a carboxyterminal peptide 
tag (biochemical identification label) is added 
for detection and purification. 


Why produce recombinant antibodies, al- 
though the immune system can make its own? 


For one thing, the absence of animal involve- 
ment should please animal lovers. But it also 
offers better safety, since animals can trans- 
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mit viruses that are potentially dangerous 
to humans. Most importantly, recombinant 
antibodies are always defined by their 
amino acid sequence, ensuring unambigu- 
ous identified and unlimited reproducibility of 
results. 


Recombinant antibody generation makes use 
of the entire range of molecular biology tech- 
niques developed for E. coli, offering unsur- 
passed ease and speed (Box 5.9). 


E 5.12 Recombinant Antibody 
Libraries 


Even a very successful fusion of myeloma 
(cancer) and spleen cells into hybridoma cells 
can only yield a few dozen different antibod- 
ies—a hundred at the most. This is not terri- 
bly impressive, keeping in mind that our own 
immune system is capable of producing 
billions of antibodies with different spec- 
ificities. How could we tap into this vast 
potential? 


Recombinant antibody generation techniques 
bypass the ineffective hybridoma-generating 
fusion step. After immunization of an animal 
with an antigen, spleen cells are collected, and 
their mature mRNA is isolated (see Chapter 3). 


Using reverse transcriptase, the single-stranded 
mRNA is copied into double-stranded copy 
DNA (cDNA). PCR (see Chapter 10) is then 
used to produce millions of copies of cDNA 
encoding the light and heavy antibody chains 
(Fig. 5.31). 


The cDNA copies are cut with restriction en- 
donucleases, resulting in fragments with sticky 
ends, which are then cloned into phagemids 
(plasmids that can be packaged into bacterio- 
phage particles) (see Section 5.13). 


Two different libraries are created: one with 
DNA encoding the heavy chains (H-chains) 
and the other with DNA encoding the light 
chains (L-chains). The two phage libraries are 
then combined with a third helper phage, and 
the mixture is used to infect а lawn of Е. coli 
cells growing in a Petri dish. 


Infection with all three phages creates recom- 
binant phage particles that lyse Е. coli cells, 
yielding plaques (“puddles”) containing bil- 
ions of phages. If recombination brings match- 
ing DNA sequences for H and L chains in the 
same phage, the plaque will also contain Fab 
fragments. To find such phages, an imprint 


Fig. 5.34 Left: George P. Smith used bacteriophage 
M13 for his phage display method. Right: Escherichia 
coli being infected with phages. 


Fig. 5.35 Human growth hormone (hGH, red) and the 
binding of hGH to its receptor (green and blue). 
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Fig. 5.36 Cancer-cell-killing mechanisms of 
monoclonal antibodies. Fc, constant region; Fab, 
antigen-binding region; ADCC, antibody-dependent 
cell cytotoxicity; CDC, complement-dependent 
cytotoxicity. 
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Box 5.10 The Expert’s View: 
The Many Aspects of a 
Superorganism —A Beehive 
and Its Immune Defenses 


Honeybees (Apis mellifera) form colonies whose 
complexity and functionality never cease to 
amaze. Superorganisms pose their very own 
challenges, risks, and opportunities—for their 
members as well as for researchers. 


In the summer months, a bee colony would 
comprise up to 50,000 worker bees, several 
hundred drones, and just one queen. АП worker 
bees descend from the same mother, but they are 
not necessarily full sisters because several drones 
mated with the queen on her nuptial flight, thus 
contributing to several genetically distinct patrilines. 


Cooperation between members of a bee colony 
yields synergetic effects that open up completely 
new perspectives for the biology of the insects, 
and new properties are emerging that could not be 
ound in individual bees or small groups of bees. 


The super-physiology that characterizes a 
superorganism, however, has many things 

in common with the physiology of individual 
organisms. Its homeostasis is maintained by 
multiple feedback loops. Honeybees create the 
world in which they spend the major part of 

their lives and control their living conditions to 

an extent unheard of in other organisms. Having 
synthesized their own building material, they 
build wax honeycombs of almost crystalline 
regularity in a process of self-organization. Their 
body heat keeps the wax malleable at the right 
temperature and ensures that it will flow into the 
most energy-efficient—hexagonal—structure. The 
ambient temperature generated by the bees in the 
process also affects the development of bees in 

the brood nest. The bee colony can thus influence 
characteristics of their members beyond direct 
genetics—it determines their epigenetics as well. 


The temperature in the brood nest is a major 
factor that shapes the characteristics and abilities 
in the pupal stage of development. Larvae live 
in open cells, where they are fed by nurse bees. 
Once they reach the pupal stage, their cells 

are closed with a wax cap and they undergo 
metamorphosis from pupa to adult bee. State- 
of-the-art thermal imaging revealed that bees 
squeeze their thorax tightly to the capped cells, 
vibrating their flight muscles and raising their 
body temperature to 43°С. 


The heat thus generated keeps the brood nest 
at a temperature of 35?C. Some heater bees also 
use empty cells that are optimally distributed 
for even heat distribution over the (mostly 
capped) brood area so that their heat can reach 
a larger number of cells. We know that minute 
differences in temperature during the pupal 
stage will affect the life span, cognitive abilities, 
and immune response in adult bees. During 

the preceding larval stage, temperature is not 
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Newly built honeycomb cell. The cells are still 
round and will only be transformed into the more 
energetically efficient hexagonal shape after being 
warmed up by the honeybees. 


The bee colony' s brood nest with well-developed 
larvae in open cells, as well as capped cells where 
pupae are undergoing metamorphosis into adult 
bees. 


House bees removing a diseased pupa from a 
capped cell. 


controlled as rigorously and the larvae are fed 
royal jelly produced in the hypopharyngeal glands 
of nurse bees, which is functionally equivalent to 
mother's milk in mammals. It contains not only 


RFID (radio-frequency identification) chips 
attached to the bees’ backs record behavior 
patterns over their lifetime —a method that could 
be applied to a virtually unlimited number of 
individual bees. 


immunopeptides such as defensin, but also low- 
molecular-weight compounds (e.g., 10-hydroxyl- 
2-trans-decenoic acid and acetylcholine), which 
are bactericidal and fungicidal and compensate 
for the rather weak larval immune system. 


The immunity system of an entire community is 
also referred to as social immunity and comprises 
a complex of interdependencies between the 
different developmental stages, which can only be 
understood using high-tech methods. 


These include the use of RFID (radio-frequency 
identification) chips that are attached to 
numerous individual bees as soon as they hatch. 
These allow researchers to follow and record 
aspects of behavioral patterns in individual 
honeybees throughout their lives. 


RFID recordings of flight patterns of honeybees 
infected with mites revealed that the orientation 
system of such bees was severely impaired when 
returning to the hive from foraging trips. 


Densely crowded beehives with temperatures 
around 35?C in the brood area, combined with 
high air humidity, provide ideal conditions for 
the spread of all kinds of infections. It is all the 
more surprising that honeybees have so far been 
able to withstand this infection pressure. The 
only explanation is that during 30 million years 
of evolution, bee colonies have developed many 
defense lines at different levels. 


False-color thermography showing temperature 
distribution in the bodies of honeybees. Heater 
bees heating their thorax up to over 43°С are 
clearly visible. 


An exogenic defense line is propolis, the resin 
used to seal cracks in the beehive. It originates 
exclusively from plants—secretions of tree 

buds and bark. Propolis is rich in antiseptic and 
antibacterial components and is therefore a 
disinfectant as well as repair material. The cells 
of honeycombs are lined with it. The endogenic 
defenses of a colony are summarized in the 

term social immunity. They include hygienic 
procedures, such as the constant cleaning of 
honeycomb cells and the personal hygiene 
regimens of colony members. The spread of 
disease is prevented by worker bees pushing 
diseased adult bees out of the hive and removing 
dead larvae and pupae from the brood cells. How 
the bees can detect dead pupae inside capped 
brood cells is still a mystery. Like all invertebrates, 
honeybees do not have an adaptive immune 
system. They cannot produce pathogen-specific 
antibodies. This is compensated for by a further 
sophistication of the innate immune system, 
which is more ancient in evolutionary terms. 

It gives effective protection against microbial 
pathogens. The underlying principle, the 
humoral immune response, involves transient 
de novo synthesis of a wide range of antimicrobial 
peptides (AMPs). These AMPs are synthesized in 
the bees' fat body (liver-like organ) and secreted 
into their hemolymph (blood equivalent). They 
usually eliminate microbial pathogens by attacking 
their membranes and cell wall constituents. 


Resistance to AMPs has not been observed so 
ar, which makes them attractive candidates for 
he development of new antibiotics in human 
medicine, e.g., for the treatment of wounds. 


n order to study the immune response of bees, 
arvae had to be raised in vitro, through the 
entire developmental cycle of larva, pupa, and 
adult bee. Newly hatched larvae were collected 
rom a brood area and transferred to tissue- 
culturing plates, the wells of which were filled 
with a suitable feed solution. Once the larvae 
have reached the prepupal stage, they are 

again transferred into wells lined with paper 
tissue. They are no longer fed, to reproduce the 
situation in a capped brood cell. 


Raising bees in vitro ensures that the studies are 
carried out in a stable and sterile environment. 
When bacteria are injected into inflicted wounds 
using fine glass capillaries, the artificially raised 
larvae show a strong humoral immune response. 
This becomes evident when analyzing hemolymph 
samples 24 and 48h after injection on a denaturing 
polyacrylamide gel. At least three low-molecular- 
weight AMPs (hymenoptaecin, defensing, and 
abaecin) are found, and to discover whether the 
samples show actual antimicrobial activity, a 
growth inhibition test is carried out. Samples 3 and 
6 show large areas of inhibited growth. 


The decoding of the bee genome in 2006 
enables us to study systematically the molecular 
processes involved in fending off pathogens in 
individual bees and the entire superorganism. 
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Zeitlicher Entwicklungsablauf vom Ei bis zur 
adulten Arbeiterin im Bienenstock, der mittels 
in vitro-Aufzucht imitiert werden kann. 


Timeline diagram showing the development from 
egg to adult worker in a beehive, which can be 
reproduced in vitro. 
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Gel electrophoretic analysis of induced 
immunopeptides in the hemolymph of bee larvae 
that had wounds inflicted and infected with E. coli 
bacteria. A growth inhibition test demonstrates 
antimicrobial activity in the relevant samples. 


Hildburg Beier, Jürgen Tautz. 


After studying biology, geography, and physics, 
Jürgen Tautz (b. 1049) was awarded a PhD in 
sensory ecology at the University of Konstanz. 
He continued to work on the bioacoustics of 
insects, fish, and frogs before founding the 
BEEgroup at the University of Würzburg in 
1904. The group carried out basic research 

on the biology of honeybees. Alongside his 
scientific work (over 140 publications, including 
30 title stories, some of which appeared in 
Science and Nature), Jiirgen Tautz has become 
a well-known science communicator, sharing 
his enthusiasm for Life Sciences with the wider 
public. 


The European Molecular Biology Organization 
(EMBO) recognized him as one of the 
outstanding science communicators in 2005, 
2007, and 2008. In 2012, he received the 
Science Communicator Award from the German 
Research Foundation DFG. 


Hildburg Beier (b. 1045), Professor of 
Biochemistry at the University of Würzburg, 
joined the BEEgroup after retiring in September 
20068. Her areas of expertise include splicing of 
tRNA-precursors, RNA ligases, gene expression 
in RNA viruses, and cellular and humoral 
immune response in insects. 


That hye 
looky 
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Fig. 5.37 Paul Ehrlich (top). 
Below, Ehrlich with his 
Japanese disciple Sachahiro 
Hata. 


Bottom: Ehrlich’ s side-chain 
theory. Amazing visionary! 
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of the plaques is made on a nitrocellulose filter. Like all 
proteins, Fab fragments bind firmly to the filter. After 
adding a radioactively labeled antigen and washing out 
unbound antigen, the filter is put on X-ray film. Black 
spots of the film will show which plaques contain bind- 
ing Fab fragments and the phages that made them! 


Once the plaques are identified, Fab-encoding DNA is 
isolated so that it can be inserted into bacterial or mam- 
malian vectors. 


This increases the availability of possible antibodies at 
least by a 1,000-fold, compared to standard hybridoma 
technology. 


Bi 5.15 Antibodies With Their Gene in a 
Backpack— Phage Display 


The B-lymphocytes needed by the immune system are 
selected thanks to a membrane-bound antibody on 
their surface (see above). An antigen (e.g., of a virus) 
that binds to it and IL-2, produced by T-helper cells, 
stimulate the B-lymphocytes to divide (clonal selection). 
The antibody indicates the "street number" of the 
relevant gene that produces it in its parent lymphocyte. 
In other words, the antibody carries its gene piggyback, 
as if in a huge backpack (Fig. 5.32). 


It is easy to identify the B-lymphocytes with the desired 
antibody because it makes a clone. But could we do the 
same in bacteria by reading the "street number" in a 
simpler way, to fish out the right gene? That would be a 
genetic engineer's dream! 


This dream was turned into reality by George P. 
Smith (b. 1941, Nobel Prize 2018, Fig. 5.34) at the 
University of Missouri in Columbia, Missouri, United 
States, in 1985. He solved the problem by not us- 
ing bacteria, but bacteriophage M13. Unlike the X 
phage (see Chapter 3), it is a filamentous phage, and 
with a much smaller genome. It consists of circular 
single-stranded DNA, containing only a few genes 
for capsid proteins and for a simple infection cycle 
(Box 5.9). 


The cunning virus enters Е. coli via its sex pili, intro- 
ducing its single-stranded DNA through an F-pilus. The 
DNA acts as a template to form double-stranded DNA in 
the cell, which is not inserted into the bacterial genome, 
but replicated between 100 and 200 times. When the 
bacterium divides, each daughter cell receives multiple 
copies of the phage DNA. 


M13 is considerate enough not to kill its host and only 
to slow down its growth. After single-stranded DNA 
copies have been made and packed into filamentous 
protein envelopes, the phage particles are released. A 
tubule is formed by 2700-type pVIII proteins. Most re- 
markable, however, are the five proteins of type pVII and 


pIX at one end, and р and pIV at the other end of the 
phage (Fig. 5.33). 


The remarkable feature is that pIII remains functional 
even after integration of foreign sequences. Smith hy- 
pothesized that if a foreign gene were inserted into the 
РШ gene of the phage, it should show up as a foreign 
protein on the phage envelope, on its surface. And it 
worked! 


This method, called phage display, was first used to 
find the gene for a strongly binding growth hormone. 


E 5.14 Phage Display for Proteins and 
Antibodies 


The search focused on variants of the human growth 
hormone (hGH) with enhanced binding to the hGH re- 
ceptor. The fragments in the peptide sequence that were 
responsible for receptor bonding were already known. 
“Degenerate” oligonucleotides were created that 
coded for all possible amino acid substitutions in these 
positions. These hGH gene variants were inserted into 
an M13 vector next to the p/// gene, to ensure that they 
would form p//FhGH fusion proteins. This library was 
then used to infect Ё. coli. 


This infection led to the emergence of M13 phages car- 
rying the normal p/// protein in their envelope, with an 
hGH variant attached to it. Each phage displayed one 
single hGH variant. How could the most suitable one 
be identified? 


A suspension of phages was passed through a separation 
column filled with polymer beads cross-linked to the 
hGH receptor (an isolated protein, Fig. 5.35) and was 
firmly bonded (more about the method in Chapter 3). 
Phages that did not carry hGH on the surface passed 
through the column straightaway, not bonding any- 
where (Fig. 5.33). Phages with only weak bonds also 
traveled through the column, but the “good” phages 
bound to the receptors and could be detached later, us- 
ing a weak acid. 


These binding phages were reintroduced to £. coli and 
selected again in the column. The procedure was re- 
peated six times, yielding phages with the highest hGH 
receptor affinities from the available pool. Some of these 
super phages were cloned and their DNA sequences 
identified. Thus, an improved version of the growth 
hormone could be produced—an example of protein 
design. 


Since these beginnings, this procedure has been extended 
to other proteins, and today it has been most extensively 
used to generate novel human antibodies. For antibody 
phage display, genes for the antigen-binding fragment 
(scFv or Fab) are cloned into phagemids (see Section 
5.12) to obtain an antibody library and packed into M13 


phages. These reproduce in Е. coli and carry the relevant 
antibody fragment on the surface like a street number! 


The selection process is called panning, in analogy with 
the sorting process in gold pans. A new gold rush has 
begun, and the targets are cancer cells. Sales of antibod- 
ies made by Phage Display have increased linearly from 
ZERO in 2004 to $11 billion in 2013. Today, more than 
70 phage-derived antibodies are in clinical trials, 14 are 
approved, and the first antibody made by phage display 
(adalimumab) is the world's best-selling drug, totaling 
$21.4 billion sales in 2019. 


E 5.15 Ongoing Hope for Cancer 
Patients — From Targeted Therapies 
to Precision Oncology 


On January 7, 2000, a revolution took place in oncology 
in the form of a scientific article titled "The Hallmarks 
of Cancer," published by Cell, the highest-ranking jour- 
nal in biochemistry and molecular biology. Its authors, 
Douglas Hanahan and Robert Weinberg, two world- 
leading oncologists, did what probably many other re- 
searchers wanted to do but did not dare: they redefined 
cancer! Up to this day, "The Hallmarks of Cancer" re- 
mains the most cited paper in cancer research history. 
And a game changer for biotechnology. 


So what was the big deal? Prior to Hanahan and 
Weinberg's publication, cancer was defined in a rather 
fuzzy manner: a family of diseases characterized by cha- 
otic, uncontrolled proliferation of cells that could invade 
different tissues and organs. The "Hallmarks of Cancer" 
proposed a much more rigorous definition, based on six 
fundamental disease-driving mechanisms, common to 
all cancers. This turned out to be a paradigm changer 
for both fundamental cancer research and clinical on- 
cology: instead of trying to perfect traditional, toxic 
chemotherapies that simply kill rapidly dividing cells, 
Whether cancerous of not, one could target the "cogs" 
and “switches” that make cancer-causing mechanisms 
function in the first place. Importantly, because the ini- 
tial switches of these mechanisms are receptors located 
on the cell's surface, monoclonal antibodies (that cannot 
enter cells) can easily reach these targets. Anticancer 
mAbs could become formidable drugs targeting all can- 
cer hallmarks! 


Hanahan and Weinberg's proposal to redefine cancer as 
a set of dysfunctional mechanisms, though revolution- 
ary, was just a logical conclusion to decades of pioneer- 
ing research. “Imagine a new cancer treatment, based 
on the cruise missiles principle. A submicroscopic rocket 
with an automatic search head is launched in the body 
through injection. It searches out cancer cells and de- 
stroys them without attacking normal healthy tissue. 
Such a wonder weapon does not exist yet, but there are 
indications that it could be available in the near future." 
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These words were published in 1981, in a newspaper 
that is definitely not prone to hype, namely the Wall 
Street Journal. 


The author of this prophetic article did not exaggerate: the 
advent of monoclonal antibodies has revolutionized the 
treatment of many cancers. Today, some 60 monoclonal 
antibody-based anticancer therapies have been approved 
and hundreds more are undergoing trials. And it is not 
just about antibodies, but a whole new technology that 
employs antibody functionalities in conjunction with 
other biological constructs. Together they define cancer 
biotechnology! 


Trastuzumab, one of the first successful anticancer 
antibodies, was approved in 1998 and targets HER2 
(human epidermal growth factor receptor 2), a mem- 
brane protein important in controlling cell growth 
in a variety of tissues. As it turns out, in about 2076 
of breast cancers, tumor cells overexpress the HER2 
gene, depending strongly on this overexpression for 
their growth, leading to very aggressive tumors. The 
binding of trastuzumab to HERZ inhibits the corre- 
sponding growth-signaling pathway and prevents can- 
cer cells from dividing. 


HER2 is an example of an oncogene (a mutated gene 
that promotes cancer). Strong dependence on onco- 
genes exhibited by some cancers is called oncogene 
addiction. And just like with a drug addict, blocking the 
addiction has drastic consequences. 


In addition to inhibiting the HER2 signaling pathway 
necessary for cancer progression, trastuzumab, like 
other monoclonal antibodies, is capable of activat- 
ing the direct killing of cancer cells by the immune 
system. One such mechanism is ADCC (Antibody- 
Dependent Cell Cytotoxicity). In ADCC, the constant 
part (Fc) of a monoclonal antibody tagging a cancer 
cell binds the Fc receptor of a cytotoxic T lymphocyte 
that can literally drill holes in the neighboring cancer 
cell. Another mechanism, called CDC (Complement- 
Dependent Cytotoxicity), relies directly on blood pro- 
teins that can also cause the death of cells tagged by 
an antibody. 


For this kind of cancer antibody therapy to work, one 
must first identify a target that differentiates a particular 
cancer cell from a normal one. Such a target may unveil 
a mechanism that drives not only the corresponding can- 
cer, but other diseases as well. For example, rituximab, 
the oldest anticancer antibody, approved in 1997, tar- 
gets CD20, a membrane protein that is overexpressed 
on most non-Hodgkin lymphoma B-lymphocytes com- 
pared to mature, healthy B-cells. 


But rituximab has also been proven effective in other 
diseases where CD20-expressing cells play some role: 
rheumatoid arthritis, multiple sclerosis, and a range of 
other autoimmune diseases. 


He that will not apply 
new remedies must 
tolerate old evils. 


Adapted from Francis 
Bacon (1561-1626) 


Fig. 5.38 Paul Ehrlich in his 
Office. Ehrlich called it “the 
exponential duplication of 
paper.” All scientists know this 
effect! 


Fig. 5.39 Side-chain theory 
(German, Seitenkettentheorie) 
is a theory proposed by Paul 
Ehrlich to explain the immune 
response in living cells. Ehrlich 
theorized from very early in his 
career that chemical structure 
could be used to explain why 
the immune response occurred 
in reaction to infection. His 
drawings are amazingly 
similar to the later discovered 
antibodies. 


EDWARD G. 


1.5; X ROBINSON 
cB S MAGIE BULLET 


SOLES WARNER BROS 


Fig. 5.40 Movie star Edward 
C Robinson (1893-1973), an 
anti-Nazi-activist, played the 
Jewish scientist Paul Ehrlich 
іп an expensive Hollywood 
production in 1940. 
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Understanding a mechanism important in can- 
cer may provide precious therapeutic clues for 
other seemingly unrelated diseases. 


The first generation of therapeutic antibodies 
was chimeric in nature, with two-thirds (the 
constant regions) of the antibody protein made 
up of human protein sequences, while one- 
third (the Fv regions that bind to the target) 
were made up of the mouse sequences cloned 
from a hybridoma. The presence of animal se- 
quences is a potential concern for unwanted 
side effects; the majority of subsequent ther- 
apeutic antibodies from hybridomas were en- 
gineered to contain less and less nonhuman 
components (humanized mAbs). These 
second-generation therapeutic antibodies con- 
tain less than 10% of nonhuman sequences 
(just the six antigen-contacting loops in the 
antigen binding region). Today, most new 
therapeutic antibodies are third-generation, 
described as fully human because only hu- 
man genes have been employed to build them 
(either in humanized mice or through anti- 
body phage display). 


Not only has the safety of monoclonal antibod- 
ies improved over the years, but also has their 
potency. For instance, antibody glycosylation 
(the addition of complex sugars to the protein 
backbone) can strongly affect the process of 
antibody-dependent cell killing (ADCC) and 
cancer-fighting inflammatory responses. This 
process has proven very difficult to standard- 
ize in cell culture, resulting in significant 
batch-to-batch variation in potency. This prob- 
lem has now been effectively addressed by 
chemists who have learned how to fine-tune 
glycosylation in vitro, using a process called 
glycoengineering. 


The killing potential of an anticancer anti- 
body can also be strongly enhanced by mak- 
ing it carry a toxic payload, generating a class 
of drugs called antibody-drug conjugates. 
Trastuzumab that targets HER2, for instance, 
can be further ^weaponized" by cross-linking 
the antibody to emtansine, a very potent cyto- 
toxic molecule. Emtansine on its own is too 
toxic to administer to cancer patients, but the 
ado-trastuzumab  emtansine  antibody-drug 
conjugate delivers the deadly payload only 
where it is needed—inside the cancer cell. 


Another exciting development in the field of 
anticancer antibody therapeutics is bispecific 
antibodies, in which each antibody arm can 
bind its own target. A bispecific antibody can 
attack a cancer cell at two different places, like 
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two separate drugs. Alternatively, the bispecific 
antibody may act as a matchmaker for cancer 
cell killing, with one arm binding to a cancer 
cell surface protein and the other arm to a cy- 
totoxic immune system cell. 


One of the most amazing recent developments 
in cancer antibody-based therapeutics is im- 
mune checkpoint inhibitors. They offer the 
promise of cure to many patients who were 
considered terminally ill not so long ago. They 
are also living proof that the immune system is 
in principle capable of eliminating cancer, even 
at an advanced stage. The breakthrough real- 
ized thanks to immune checkpoint inhibitors is 
so dramatic that immuno-oncology now plays a 
central role in the fight against cancer. 


As their name indicates, immune checkpoints 
keep the immune system in check, keeping its 
cell-killing activities in a useful range, active 
enough to eliminate old or diseased cells but 
not overactive so as to prevent indiscriminate 
self-destruction that characterizes autoim- 
mune diseases. As it turns out, in many can- 
cers, the immune responses are suppressed 
inside the tumor microenvironment, the tu- 
mors are said to be immunologically “cold,” 
evading detection by the immune system. 
How is that possible and how can one make 
hem “hot” and thus visible and vulnerable? 


Immune checkpoints are cell surface proteins 
ound on different types of cells, including cy- 
totoxic T-cells and cancer cells they may tar- 
get. They work in pairs. The first protein on 
one cell acts as a ligand that has a message to 
pass, while the second protein on another cell 
acts as a receptor of this message. 


There are at least nine different checkpoints 
that are activating: the binding of the ligand 
to the receptor triggers cell killing. Such check- 
points work like the gas pedal in a car. Their 
message is “wake up and kill!” In addition, 
there are at least 14 different checkpoints that 
are inhibitory: the binding of the ligand to the 
eceptor prevents cell killing. They work like 
he brake pedal in a car. Their message is “go 
to sleep and die.” Any cell that interacts with 
an immune system cell will typically engage 
several checkpoints and the overall behavior 
will depend on the ratio of activating to in- 
hibitory checkpoint interactions. Just like an 
imaginary car where multiple gas and brake 
pedals would be pushed upon simultaneously. 


Such a complicated system may appear cum- 
bersome, but it is in fact exquisitely precise, 


because it allows to fine-tune the immune 
activities of a healthy cell in response to a va- 
riety of factors. However, in many immuno- 
suppressed cancers, inhibitory checkpoints are 
overexpressed, putting cytotoxic cells in the 
tumor microenvironment to sleep and giving 
a big green light for cancer cells to grow and 
proliferate. 


Immune checkpoint inhibitors are monoclonal 
antibodies that bind either to the receptor or 
the ligand moiety of an inhibitory checkpoint. 
As a result, inhibition is inhibited, following 
the simple logic of “the enemy of my enemy 
is my friend” or “braking a brake prevents the 
car from standing still.” 
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Releasing the “brakes” works so well that, i 
some patients, tumors literally melt following 
the checkpoint inhibitor therapy. 


The first inhibitory checkpoint to become 
a drug target—Cytotoxic T-Lymphocyte- 
Associated protein 4 -CTLA 4—was charac- 
terized back in 1994. Its main role is to inhibit 
T cells in the lymph nodes in the initial stages 
of their activation before they commit to be- 
coming cytotoxic. It is also highly expressed 
in immunosuppressive regulatory T cells, pro- 
tecting them from other cytotoxic cells. CTLA 
4 binds to two ligands on antigen-presenting 
tumor cells: B7-1 and B7-2. 


Ipilimumab, a CTLA 4 monoclonal antibody, 
was the first Immune checkpoint inhibitor 
approved as an antimelanoma drug in 2011, 
demonstrating unprecedented efficacy in late- 
stage metastatic disease. 


The second inhibitory — checkpoint— 
Programmed Cell Death protein 1 or PD-1— 
and its ligand PDL-1 were discovered in 1992 
and 1999. In contrast to CTLA-4, PD-1 inhib- 
its cytotoxic T-cells at a later stage, at the site 
of the tumor. PD-1 is also expressed in other 
immune system cells, making it a more gen- 
eral inhibitor of immune responses. 


This led to the development of six drugs: 
three anti-PD-1 antibodies (pembrolizumab, 
nivolumab, and cemiplimab) and three anti 
PDL-1 antibodies (atezolizumab, avelumab, 
and durvalumab). 


James Patrick Allison (b. 1948), the 
American immunologist who characterized 
CTLA-4, and Tasuku Honjo (b. 1942), the 
Japanese immunologist who discovered PD-1, 
were the corecipients of the 2018 Nobel Prize 
for Physiology or Medicine. 


Viruses, ANTIBODIES, VACCINES, AND CANCER THERAPY San 
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Online course on Vaccines and Viral Immunology https://onlinelearning.hms.harvard.edu/hmx/ 
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The Center for Disease Control and Prevention website http://www.cdc.gov/ 


Nature Reviews Immunology. With an impact factor of 32.7, it is the leading monthly review title for 
immunology: http://www.nature.com/nri/index.html 


The Merck Manual of Diagnosis and Therapy, Section 12: Immunology; Allergic Disorders www.merck. 
com/pubs/mmanual/ 


HIV-test: http://en.wikipedia.org/wiki/HIV_test 


8 Self-Test Questions 


1. 


Why can viral infections not be cured by 
antibiotics? 

How can RNA viruses interact with host 
cell DNA? 


What would happen to Jenner or Pasteur 
if they were to carry out their vaccination 
experiments today? 


How can killer cells tell that a host cell 
has been invaded by viruses? 


How are monoclonal and polyclonal 
antibodies obtained? What was Milstein's 
and Kóhler's ingenious idea? 


Can the high specificity of antibodies be 
combined with the catalytic power of 
enzymes? 


How can a "genetic street number" be 
placed on the surface of viruses and be 
used for the optimization of proteins? 


How can antibodies be harnessed in the 
battle against cancer? 


MILLION ABIYOU 
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THE SURROUNDINGS ABSORB ORGANISMS AS OBJECTS, 
WHEREAS THE ENVIRONMENT IS SHAPED BY THEM. 


AN ORGANISM 
IS ALWAYS ALSO PART OF ITS SPECIFIC ENVIRONMENT. 


ITIS NOT LIMITED BY ITS SURFACE (SKIN), 
BUT BY ITS PERCEPTION AND ITS ACTIVITY, 
MOVING THROUGH TIME AND SPACE. 


Jakob Johann Baron of Uexküll (1864-1944) 
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Fig. 6.1 Robert Koch, discoverer of cholera, 
tuberculosis, anthrax, and other pathogens; 
Nobel Prize in 1905. 


Fig. 6.2 Top: Cholera epidemic in Hamburg, 
the horror vision of dying masses, courtesy 
of Archive Bernt Karger-Decker. 
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Fig. 6.3 According to the WHO, cholera is present in 


40-50 countries. Out of 3—5 million cholera cases, 
100,000 die every year. 
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E 6.1 Clean Water —A Bioproduct 


Harold Scott (1874-1956), the author of A 
History of Tropical Medicine, in 1939 described 
cholera as perhaps the most frightening of all 
epidemics. It spreads so fast that a man who got 
up hale and hearty in the morning could be dead 
and buried before the sun sets. 


In 1892, the inhabitants of Hamburg still 
thought it was safe to drink water straight 
from the rivers Elbe and Alster—a fatal mis- 
take that cost the lives of 8,605 citizens. The 
rivers had become an ideal breeding ground 
for microbes, including the cholera pathogen. 
The neighboring community of Altona, by 
contrast, let the river water run through sim- 
ple sand filters and was unaffected (Fig. 6.2). 
Sewage treatment became of paramount im- 
portance for large cities. 


Although Robert Koch (1843-1910, Fig. 6.1) 
had identified the cholera pathogen Vibrio 
cholerae as early as 1884, improvements in 
water supply and sewage treatment were just 
beginning. Cholera and typhoid certainly had 
their share in speeding up the process. The 
diagram in Box 6.1 shows the correlation be- 
tween the number of typhoid deaths and wa- 
ter hygiene. 


Clean water! Every day, the average US fam- 
ily uses more than 300 gal of water per day 
(1135L). Food remains, fat, sugar, protein, ex- 
crement—everything ends up in the sewers, 
including washing machine detergent. 


The biodegradability of wastewater is mea- 
sured as 5-day biochemical oxygen de- 
mand (BOD;) in the lab. This tells you how 
many milligrams of dissolved oxygen would 
be metabolized by microbes within 5 days in 
order to completely degrade the organic pol- 
lutants in a water sample. 


The average organic pollution of domestic 
wastewater is 60g/head-day BODs. This has 
also been defined as population equivalent 
(PE). In the case of domestic wastewater, 60g 
of oxygen would be needed to degrade 1 PE. 


Given an average solubility of oxygen of 
approximately 10 mg/L of water, oxygen 
dissolved in 6,0001. of clean water would be 
required to remove the daily pollution of just 
one city dweller. 


Here is a simplified account of the chain of 
events triggered by untreated sewage ending up 
in lakes and rivers: Aerobic microorganisms 


degrade organic pollution while rapidly me- 
tabolizing the available oxygen. Some areas in 
the water (mostly near the ground) are so de- 
prived of oxygen that only anaerobic bacteria 
can thrive. 


Fish and other oxygen-dependent organisms 
begin to die, while anaerobic microorgan- 
isms produce poisonous ammonia (NH3) 
and hydrogen sulfide (H5S), with its typical 
rotten-egg smell. These two compounds kill 
the remaining water organisms that have sur- 
vived in the low-oxygen environment, turn- 
ing rivers into smelly sewers. 


In a farming environment, one cow produces 
as much wastewater as 16 city dwellers. 1.4 
billion cattle worldwide produce about as 
much wastewater as 22 billion humans. 


Even more worrisome are the huge quanti- 
ties of wastewater produced by industry. 
They contain large amounts of inorganic com- 
pounds, not only salt or hydrogen sulfide, but 
also poisons such as mercury and other heavy 
metals that cannot be easily broken down by 
microbes or that may even kill them. Paper 
mills produce 200-900 PEs per ton of pa- 
per, and breweries 150—300 PEs per 1,000L 
(264 gal) of beer. 


As the natural cleaning power of microbes 
in rivers has long been insufficient, wastewa- 
ter must be broken down by microbes in huge 
sewage plants before it can safely be released 
into rivers and lakes. 


Sewage treatment plants are the largest 
biofactories we have at present. They con- 
vert wastewater into large quantities of a bio- 
product called clean water. 


Microorganisms in sewage plants work ex- 
tremely hard for their livings. In a respiration 
process using oxygen from the air, they con- 
vert sugar, fat, and proteins in the wastewater 
into carbon dioxide, energy, and water, while 
growing and building new cells in the process. 
Sewage plants provide ideal conditions for the 
reproduction of microbes and the breakdown 
processes they are involved in. 


The breakdown of 1g of sugar requires 
more than 1 g of oxygen, but only 10 mg of 
oxygen can be dissolved in a liter of water. 


Thus, the microorganisms use up the oxygen 
dissolved in water very quickly, and wastewa- 
ter must be continuously stirred and aerated 
in order to provide enough oxygen—a very 
energy-intensive process (Fig. 6.6). 


Box 6.1 Biotech History: 
Sewage Farming 
in Germany —A Success Story! 


Until 1878, rain, wastewater, kitchen waste, 
and to some extent even feces were disposed of 
through the gutters, which were open ditches 
between walkways and roads, ending in runoff 
ditches or in streams or rivers. Where there 
was no immediate access to a waterway, the 
discharge went into large subterranean canals, 
which were built ad hoc without a sufficient 
gradient, but had far too large diameters. 


The decaying waste in those canals caused 
very unpleasant smells, not to mention the 
nuisance the gutters caused for moving traffic 
and pedestrians alike. Feces were collected 
in dung pits that were emptied manually at 
regular intervals and the contents transported 
in horse carts along the streets. 


Neither streets, gutters, nor horsecarts were 
properly sealed, which resulted in a considerable 
contamination of the soil and ground water. 
People drew their drinking water from wells 

in or near their houses, and the contaminated 
water caused the spread of diseases. 


As early as 1816, the Prussian Government 
took a first decision to flush out gutters 

and streets with water in order to remove 
dirt and evil smells. However, this was 

never put into practice because there was 
neither enough water nor enough pressure. 
A government committee in the service of 
Friedrich Wilhelm IV of Prussia decided 
in 1846 that waterworks should be built. 
They also gave permission to the introduction 
of flush toilets. In 1856, the waterworks 
were built. In 1873, the waterworks were 
taken over by the city. However, flushing 

out the gutters did not have the expected 
success. Through the easier access to water 
and the rapid expansion of flush toilets, the 
amount of wastewater increased dramatically, 
and although the gutters had been widened 
and deepened and measured now 1 m (over a 
yard) across, they simply could not cope. 


Deaths from typhoid connections 
per 10,000 inhabitants to sewage 


With the improvement of Berlin’ s water supply, 
typhoid death rates fell in inverse proportion. 


In spite of wastewater becoming a major 
problem, conservative Berliners still objected 
to the introduction of a sewage system. 
People thought it would just increase the foul 
smells, as did the existing canals. 


Rudolf Virchow (1821-1902), medical 
historian and hygienist, who founded 
the discipline of cell pathology, and 
James Hobrecht (1825-1903). 


In 1860, Councillor Wiebe, who was in 
charge of public buildings in Berlin, was sent 
to study the sewage systems of Hamburg, 
Paris, and London and come up with a plan 
to solve Berlin’s wastewater problems. He 
traveled the same year, accompanied by the 
head of rail and waterway construction, 
James Hobrecht. Wiebe’s idea was to 
collect all wastewater in subterranean canals 
and discharge it untreated into the river 
Spree outside Berlin. This plan was highly 
controversial among engineers, medical 
doctors, and politicians. 


In February 1867, a committee was 
established, led by the well-known 

medical microbiologist Rudolf Virchow 
(1821—1902) who, in turn, put Hobrecht 
in charge of further investigations. Virchow 
presented his report to the city council in 
November 1872. 


In May 1873, a decision was taken to build 
a sewage system. The city was divided into 
several sections, each of which was provided 
with an independent canal system (radial 
system). The system had the advantage 
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that if there was disruption somewhere, 
the whole system was not disabled, and 
the remaining canals could drain the 
wastewater from the affected canal. The 
water flowed through fired and glazed clay 
pipes. Steam-powered pumps pumped it up 
to be distributed over sewage farms outside 
the city. Thus, instead of ending up in 
sewer riverbeds, the water was treated by 
the soil bacteria and provided fertilizer for 
agriculture. Hobrecht divided Berlin into 12 
approximately equally sized districts, each 
of which was allocated a large acreage for 
sewage farming. 


Sewage farms in the south of Berlin, some 
of which were in use for 100 years, from 1876 
until 1976. 


Once the sewage system was in operation, 
gutters and pits with their health and hygiene 
hazards were a thing of the past, and the 
areas that had been acquired for sewage 
farms could be adapted to their new purpose. 
They were leveled, dams were built, and, 
depending on the gradient, flat beds or 
embankments were created on which the 
water was sprayed evenly. The countryside 
underwent a complete change, as the sewage 
farms not only dealt with wastewater, but 
were also used for agricultural production. 
Berlin was a trailblazer! 


Schematic representation of a sewage farm 
where various crops (grain, vegetables, and 
turnips) were grown. Regular and even flooding 
of the fields was essential. 
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Fig. 6.4 Trickling filter 
technology. 


Fig. 6.5 Freshwater organisms 
in wastewater (Vorticella, 
Paramecium, Daphnia). 


Fig. 6.6 Aspidisca costata 

is a nitrate indicator in the 
wastewater treatment process. 
Up to 25,000 can be found 

ina milliliter of wastewater. 
Not only the number of 
microorganisms, but also the 
protrusion of their ribs are 
indicators. The more nitrates in 
the water, the more the ribs will 
stick out. 
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ш 6.2 Aerobic Water Purification — Sewage 
Farms, Trickling Filters, and Activated 
Sludge 


Sewage farms are among the oldest sewage treatment 
methods that have been developed around European 
cities such as 19th-century Berlin (see Box 6.1). The 
wastewater was mechanically precleaned and then al- 
lowed to trickle into the soil where organic pollutants 
were microbially degraded. 


Sewage farms need a lot of space, so the search began 
for space-saving alternatives. Trickling filters (Fig. 6.4) 
were developed in England in 1894. They work like 
fixed-bed bioreactors (see Chapter 4) and are filled 
with large-pored material such as lava, slag, sintered 
glass, or plastic. A revolving sprayer head mechanically 
sprays the precleaned wastewater over the material. 


The large surface of the filling material is a prerequi- 
site for the activity of wastewater organisms. A lawn of 
bacteria, fungi, cyanobacteria (blue green algae), algae, 
protozoa, rotifera, mites, and nematodes develops in the 
trickling filter—an excellent aquatic community or bio- 
coenosis (Figs. 6.5 and 6.6). 


A third sewage-processing method, used these days, in- 
volves activated sludge (Figs. 6.7 and 6.8). It also was 
introduced about 120 years ago. After mechanical treat- 
ment, aerobic bacteria, fungi, and yeasts in the waste- 
water form large flakes full of nutrients, held together by 
bacterial slime. These symbiotic sludge flakes, called 
floc, provide support scaffolding for microbes. They 
float about in gigantic active sludge basins (Figs. 6.7 
and 6.8) in which paddles or brushes rotate to literally 
beat air into the water. This ensures that oxygen-using 
microbes proliferate. The throughput is much higher 
than in a trickling tank because of the better supply of 


oxygen. 


Part of the sludge settles in a settling pond or lagoon, 
where smells can become a problem due to the open 
construction. 


Wastewater may contain high levels of the nutri- 
ents nitrogen and phosphorus. Excessive release of 
wastewater (or fertilizers) into the environment can 
lead to a buildup of nutrients (eutrophication) in 
lakes and rivers. This encourages the uncontrolled 
growth of algae, resulting in a rapid surge of the al- 
gae population or algal bloom. The decomposition of 
these algae by bacteria uses up so much of oxygen in 
the water that most or all animals in the water die, 
which creates more organic matter to be decomposed 
by bacteria. Anaerobic bacteria take over, producing 
toxic hydrogen sulfide and methane and killing the 
remaining life. 


Nitrogen is removed from wastewater through the 
biological oxidation of nitrogen from ammonia (ni- 
trification) to nitrate, followed by denitrification, the 
reduction of nitrate to nitrogen gas. Nitrogen gas is re- 
leased to the atmosphere and thus removed from the 
water. 


Nitrification itself is a two-step aerobic process, each 
step facilitated by a different type of bacterium. The 
oxidation of ammonia (NH3) to nitrite (NO; ) is most 
often facilitated by Nitrosomonas species; nitrite ox- 
idation to nitrate (NO37) is facilitated by Nitrobacter 
species. 


Phosphorus can be removed biologically in a process 
called enhanced biological phosphorus removal by bac- 
teria. When the biomass enriched in these bacteria is 
separated from the treated water, these biosolids have 
a high fertilizer value. Phosphorus removal can also 
be achieved by chemical precipitation, usually with salts 
of iron (e.g., ferric chloride) or aluminum. 


Drinking water is then treated with chlorine or ozone 
to kill germs. A small proportion of the active sludge is 
ought back into the active sludge basin to ensure that 
the microbial population is up to the job. 


ce 


The efficiency of active sludge microbes is truly amaz- 
ing. A cubic meter (264gal) of sludge can purify 20 
times its volume of polluted wastewater. Up to 2076 
of the basin content is taken up by active sludge. The 
settled sludge undergoes special treatment in digestion 
towers in the absence of oxygen. 


Methane bacteria (nowadays called methanogens, 
members of the Archaea kingdom, see Fig. 6.14) 
convert the remaining organic matter into methane, 
which can be used as a source of energy (biogas, see 
below). 


Sewage treatment plants with all their basins take up a 
lot of space, and space is at a premium, particularly in 
industrial areas. Space-saving tower bioreactors (so- 
called Tower Biologies) that are 15-30 m (45-90 ft) 
high have been developed by Bayer and Hoechst for 
their own biological sewage purification (Fig. 6.9). 
Industrial wastewater treatment in the Rhein-Main 
area (one of Germany's key industrial regions) deals 
with approximately 15 billion m? per year. 


Deep-shaft reactors that go deep into the ground are 
another possibility. Their depth ensures that gas bubbles 
remain in the liquid for a longer time, and oxygen solu- 
bility is enhanced by the increased pressure within the 
reactor. 


Both reactor types are supplied with a rich flow of oxy- 
gen from the bottom and they are able to dissolve 8076 
of it (compared to just 15% in ordinary reactors). They 
are thus able to break down large quantities of organic 
matter, taking up very little space and keeping unpleas- 
ant smells at a minimum. However, at present, they are 
expensive and complicated devices. 


B 6.3 Biogas 


Will o' the wisp in swamps is an existing phenomenon. 
It has been referred to as "fire in the marshes" in the 
ancient Chinese book / Chingas early as 3000 years ago. 
In Europe, it was the Italian physicist Alessandro Volta 
(1745-1827) who described the "burning air above the 
swamps." Those who do not believe in UFOs attribute 
the "flying saucers" seen in marshy areas to the same 
phenomenon. Fermentation gas rising from the ground 
contains methane, which is flammable. A methane 
bubble that has caught fire is a perfectly rational expla- 
nation for will o' the wisp as well as UFOs. What re- 
mains unclear, however, is exactly how the gas ignites 
spontaneously. 


The formation of methane can be observed when stir- 
ring up mud in a lake. The stomach (rumen) of ru- 
minants could also be described as a miniature biogas 
factory. The microbial population of a cow's rumen 
turns 8—10% of the cow's food into 100-200L of the 
greenhouse gas methane. It is released by belching 
or passing of gas. CH, is 40 times more "greenhouse- 
efficient" than CO;. The huge cattle herds owned by 
fast food chains that graze on burnt-down jungle areas 
contribute considerably to the methane balance of the 
planet. 


The useful bacterial inhabitants of the human intestine 
produce not only vitamins, but also gases that are only 
partly reabsorbed by the colon. Depending on the food 
taken in, up to half a liter of gas per day is released— 


ENVIRONMENTAL BioTECHNOLOGY СЕЕ 


Ваг ѕсгееп 


—> 


ee] —> 


Grit chamber 


Sedimentation tank 


Gas meter 


Aeration tank 


| Final clarification 


Dried sludge 
| Lm 


Mn 
—M— — — | 


River 
н 


Trickling water 


Fields, 
landfill 


Dried sludge bed 


Biogas plant 
(methane bacteria) 


—— Raw sewage, untreated 
= Sludge 


— (445 


=== Biologically treated wastewater 


mainly odorless methane, and only minute quantities of 
smelly hydrogen sulfide. 


Every year, the microorganisms on the planet pro- 
duce approximately 500 million to 1 billion tons of 
methane—which is roughly the equivalent of what 
is extracted from natural gas fields. Around 5% of the 
carbon assimilated by microbes during photosynthesis 
is converted into methane—a major factor in the car- 
bon cycle. Huge methane hydrate stores lie under 
the seabed dating back to the Permian period. They 
capture the imagination of ecologists as well as thriller 
Writers. If the methane were to be released, it would 
lead to a major disaster. In contrast to other GHGs, 
the amount of methane in the Earth's atmosphere has 
not increased lately, according to the Nobel laureate 
Paul Crutzen (1933-2021, Fig. 6.15). For once, the 


Fig. 6.7 Diagram of a 

sewage treatment plant with 
mechanical and biological 
treatment steps (active sludge 
basin) and recycling of the 
sludge in a biogas plant. 


Fig. 6.8 Active sludge basin at 
the modern treatment plant at 
Kai Tak airport in Hong Kong. In 
the plant, oils and detergents 
must first be separated from 
the water before it reaches the 
activated sludge basin. 
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Box 6.2 The Expert’s View: 
Gary Strobel on Rainforests, 
Volatile Antibiotics, and 
Endophytes Harnessed for 
Industrial Microbiology. 


The diversity of microbial life is enormous and 
the niches in which microbes live are truly 
amazing, ranging from deep ocean sediments 
to the Earth’s thermal pools. However, an 
additional relatively untapped source of 
microbial diversity is the world’s rainforests. 


Gary Strobel ona field trip collecting new 
samples. 


Endophytic microorganisms exist within the 
living tissues of most plant species and are 
most abundant in rainforest plants. 


Microorganisms have long served mankind 
by virtue of the myriad of enzymes and 
secondary compounds that they make. 
Furthermore, only a relatively small 
number of microbes are used directly in 
various industrial applications, i.e., in cheese/ 
wine/beer making as well as in environmental 
clean-up operations and for the biological 
control of pests and pathogens. It seems 

that we have by no means exhausted the 
world for its hidden microbes. A much more 
comprehensive search of the niches on 
our Earth may yet reveal novel microbes 
having direct usefulness to human societies. 
These uses can be either of the microbe itself 
or of one or more of its natural products. 


Rainforests: Untapped Source of 
Microbial Diversity 


The rainforests occupy only 7% of the Earth’s 
land surface and yet represent 50-70% of all 
of the species that live here. This is nicely 
exemplified by the fact that over 30% of all of 
the bird species on Earth are associated with 
Amazonia alone. 


The question is why is so much diversity 
focused in rainforests? 


Paul Richard's writing in The Tropical 
Rainforest indicates that “The immense 
floristic riches of the tropical rainforest are 
no doubt largely due to its great antiquity; it 
has been the focus of plant evolution for an 
extremely long time.” 
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In my opinion, the diversity of macro-life- 
forms is a template for what probably has also 
happened with microorganisms. That is, areas 
of the earth with enormous diversity of higher 
life-forms are probably also accompanied by 

a high diversity of microorganisms. It seems 
that no one has looked! 


One specialized and unique biological 
niche that supports the growth of microbes 
are the spaces in between the living cells of 
higher plants. It turns out that each plant 
supports a suite of microorganisms known as 
endophytes. These organisms cause no overt 
symptoms on the plants in which they live. 
Furthermore, since so little work on these 
endophytes has been done, it is suspected 
that untold numbers of novel fungal and 
bacterial genera exist as plant-associated 
microbes, and their diversity may parallel that 
of the higher plants. 


Untapped resources for new microbial 
species: Endophytes in the rainforest. 


Some endophytes may have coevolved with 
their respective higher plants, and therefore 
have an already existing compatibility with 
a higher life-form. Thus, we have begun 

a concerted search for novel endophytic 
microbes and the prospects that they may 
produce novel bioactive products as well as 
processes that may prove useful at any level. 
Any discovery of novel microbes will have 
implications in virtually all of the standard 
processes of industrial microbiology since 
scale-up fermentation of the microbe will be 
necessary. 


In order to give the reader a sense of the 
excitement of discovery that comes with 
research on rainforest microbes, I have 
concentrated mostly on the discovery 


of only one novel endophytic fungal 
genus—Muscodor. 
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Muscodor albus and some representative 
inhibitory volatile compounds produced by 
“Stinky.” 


The Discovery of Muscodor albus 


In the late 1990s, I was on a collecting 
trip in the jungles near to the Caribbean 
coast of Honduras. I had selected this area 
to visit since all of Central America is one 
of the world’s “hot spots of biodiversity.” 
One modestly sized tree, not native to 

the New World, was introduced to me as 
Cinnamomum zeylanicum, and | obtained 
small limb samples. Unfortunately, most plant 
samples from the tropics are infested with 
microscopic phytophagous mites. 


These nasty creatures infest the bench tops 
and parafilm-sealed Petri plates. Thus, in 
order to eliminate this nagging mite problem, 
we decided to place the Petri plates, with 
plant tissues, in a large plastic box having a 
irmly fitting lid. This maneuver would make 
it difficult for the tiny animals to find their 
way from the bench surfaces to the inside of 
the box. 


After a few days, most plant specimens had 
sported endophytic fungal growth. Eventually, 
the plates were removed and the individual 
hyphal tips were transferred to fresh plates of 
potato dextrose agar. 


After 2 days of incubation, we noted that 
no transferred endophyte grew except 


one. Had the placement of the endophytes 

in the large plastic box killed the endophytes 

by limiting oxygen availability? Ouite to the 
contrary, it became obvious that the one 
endophytic fungus (designated Isolate 620) 
remaining alive was producing volatile antibiotics 
or volatile organic compounds (VOCs). 


The hypothesis that an endophyte can 
make volatile antibiotic substances 
with a wide range of biological activity was 
born. It was quickly learned that although 
many wood-inhabiting fungi make volatile 
substances, none of these possessed the 
biological activity of Isolate 620. 


Isolate 620 is a whitish, sterile endophytic 
fungus possessing hyphal coiling, ropyness, 
and right-angle branching. Therefore, in order 
to taxonomically characterize this organism, 
the partial regions of the ITS-5.8 rDNA 

were isolated, sequenced, and deposited in 
GenBank. 


The gas chromatography/mass spectrometry 
(GC/MS) analysis of the fungal VOCs showed 
the presence of at least 28 VOCs. These 
compounds represented at least five general 
classes of organic substances including lipids, 
esters, alcohols, ketones, and acids with 

some representative structures shown in 

the figure. Final identification of the volatile 
compounds was done by GC/MS of authentic 
compounds obtained from commercial sources 
or synthesized by us or others and compared 
directly to the VOCs of the fungus. 


With all of the data in hand we felt secure in 
proposing a binomial for this fungus derived 
from the Latin—Muscodor (stinky) albus 
(white). 


Ultimately, artificial mixtures of the 
compounds were used in a biological assay 
system to demonstrate the relative activity 


of the individual compounds. Although over 
80% of the volatiles could be identified, 

this seemed to be adequate to achieve an 
excellent reproduction of the lethal antibiotic 
effects of the VOCs that were being produced 
by the fungus. 


» Green moldídevelopment after 8 days 


Volatile antibiotics from “Stinky white fungus." 


This mixture of gases consists primarily of 
various alcohols, acids, esters, ketones, 
and lipids. We then examined each of the 
five general classes of VOCs in the bioassay 
test and each possessed some inhibitory 
activity, with the esters being the most 
active. Of these, the most active individual 
compound was 1-butanol 3-methyl acetate. 


However, no individual compound or class 
of compounds was lethal to any of the test 
microbes, which consisted of representative 
plant pathogenic fungi, Gram-positive and 
Gram-negative bacteria, and others. 


Obviously, the antibiotic effect of the VOCs of 
M. albus is strictly related to the synergistic 
activity of the compounds in the gas phase. 
We know very little about the mode of action 
of these compounds on the test microbes. 
Thus, this represents an interesting academic 
avenue to pursue in the future. 


Using the original isolate of M. albus as a 
selection tool, other very closely related 
isolates of this fungus have been obtained 
from tropical plants in various parts of the 
World including Thailand, Australia, Peru, 
Venezuela, and Indonesia. They possess 
high sequence similarity to Isolate 620 and 
produce many, but not all, of the same VOCs 
as Isolate 620. 


“Mycofumigation” With Muscodor 


The VOCs of M. albus kill many of the 
pathogens that affect plants, people, and 
even buildings. The term “mycofumigation” 
has been applied to the practical aspects of 
this fungus. The first practical demonstration 
of its effects against a pathogen was the 
mycofumigation of covered smut-infected 
barley seeds for a few days, resulting in 100% 
disease control. This technology is currently 
being developed for the treatment of fruits 
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in storage and transit. Soil treatments have 
also been effectively used in both field and 
greenhouse situations. In these cases, soils are 
pretreated with an M. albus formulation in 
order to preclude the development of infected 
seedlings. 


AgraQuest, of Davis, California, is pursuing 
full scale development of M. albus for 
numerous agricultural applications. The US 
EPA has given provisional acceptance of 

M. albus for agricultural uses. Also, it appears 
that the concept of mycofumigation has the 
potential to replace the use of otherwise 
hazardous substances that are currently 
applied to crops, soils, and buildings, the most 
notable of which is methyl bromide for soil 
sterilization. AgraQuest is expected to have 

a product on the market for fruit treatment 
by now. 


Hopefully, the discovery and the 
development of information on M. albus 

will have broad implications for the discovery 
and development of other rainforest 
microbes. 


It will, at the same time, add another impetus 
for the conservation of the world’s precious 
rainforests, which are under tremendous 
human threat now. 


Gary Strobel is Professor of the Department of 
Plant Sciences at Montana State University in 
Bozeman. 
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Fig. 6.9 Bayer' s "Tower 
Biology" plant achieves a 
high oxygen supply and 
rapid degradation without 
unpleasant smells. 


Fig. 6.10 Biogas plant near 
Berlin. 


Fig. 6.11 Top: Mao Zedong, 

the Great Helmsman himself, 
inspecting a cooker powered 
by a biogas plant in the 1950s. 
The Chinese writing praises the 
benefits of marsh gas. Bottom: 
30years later, biogas is higher 
on the agenda than ever. The 
Great Reformer Deng Xiaoping 
in front of a biogas plant. 


Fig. 6.12 Biogas installation in 
Taiwan, explained in popular 
terms. 


Fig. 6.13 Right: Development 
stages of methane. 
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largest producers of methane are not humans, but in- 
sects—termites, to be precise. One termite (Fig. 6.22), 
ie. the microbes in its intestine (mainly one-celled 
flagellates), produces only half a milligram of methane 
per day, but given the incredible number of these in- 
sects, their yearly production amounts to 150 million 
tons (Box 6.2). 


How does methanogenesis happen? Various groups of 
bacteria are responsible for the anaerobic conversion of 
large biomolecules such as cellulose, protein, or fat into 
methane and carbon dioxide. First, anaerobic clostridia 
and facultative anaerobic (with the ability to live with 
or without oxygen) enterobacteria and streptococci se- 
crete enzymes into their environment that degrade 
high-molecular material into their basic components, 
i.e., sugar, amino acids, glycerol, and fatty acids (see 
Fig. 6.13) in what is called the hydrolytic phase. This 
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is followed by the acidogenic phase in which the com- 
ponents are broken down mainly into hydrogen, carbon 
dioxide, acetic acid, and other organic acids, as well as 
alcohol. Methane arises from hydrogen, acetate, and 
carbon dioxide (Fig. 6.13). 


Methanogens are the most oxygen-sensitive or- 
ganisms on Earth. As these archaic creatures lack 
cytochromes and the hydrogen-cleaving enzyme cat- 
alase, oxygen that enters the cell causes the cyto- 
toxic hydrogen peroxide to accumulate and destroy 
cell structures. 


Methanogens, together with salt-loving halobacteria 
and thermophilic sulfur reducing microorganisms, form 
the phylum Archaea (formerly Archaebacteria). Their 
structure and metabolism is very different from ordi- 
nary Bacteria (formerly Eubacteria), and they are mostly 
found in extreme environments (Fig. 6.14) where con- 
ditions resemble those of earlier periods of the history of 
our planet when oxygen was scarce. 


ш 6.4 Biogas Could Save Forests! 


Approximately 2 million people worldwide still depend 
on burning biomass (wood, agricultural waste, and 
dried dung) for their energy supply—a direct and in- 
efficient way of recovering energy from biomass with 
disastrous consequences for agriculture as well as 
the environment. In developing countries, wood has 
become as scarce as food. 


Biogas, on the other hand, would be a viable option 
in agricultural regions where it could be produced by 
small reactors fed with animal and human excre- 
ment as well as plant waste. They would also provide 
natural fertilizer in the shape of sludge, which contains 
nitrogen, phosphorus, and potash, and thus would 
reduce the need for artificial fertilizers. Closed, air- 
tight bioreactors (Fig. 6.12) would also kill pathogens. 
Biogas could help save the forests in many developing 
countries. 


In India, a breakthrough was expected from what be- 
came known as the Gobar project (gobar, Hindi, 
meaning cow dung). It is estimated that the project ran 
1.8 million biogas plants in 1994, bringing the country 
closer to Mahatma Gandhi's (1869—1948) dream of 
self-supporting village units. 


However, the project is still hampered by the semifeu- 
dal social structure of Indian villages where only 
rich farmers can afford to buy a stainless-steel bioreac- 
tor and to provide it with enough waste products. Poor 
peasants, by contrast, often do not even own a cow, and 


even if provided with free reactors, could not 
provide the material to feed them. 


The rich farmers would buy up dried dung 
very cheaply, thus robbing the poor of the fuel 
they used to collect from the streets. In addi- 
tion, for many Indians, touching excrement is 
taboo for religious reasons. As a result, all the 
Wood that anybody can get hold of is used for 
heating. 


The United Nations look at China as a pos- 
itive example. In 2020, about 50 million 
households relied on biogas plants (Fig. 6.11), 
often run as communal projects. The reactors 
were built in cheap concrete reactor technol- 
ogy. Waste, energy, and fertilizers are econom- 
ically used and wisely distributed. 


6.5 Biogas in Industrial 
Countries — Using Liquid Manure 


For obvious reasons, it is more difficult to pro- 
duce biogas in nontropical countries. However, 
a wide range of promising projects are under 
way in Europe and North America. Biogas re- 
actors can help solve the waste problem of 
industrial farming. 


Liquid manure from those farming units 
is produced in such large quantities that it 
would heavily pollute the soil if used as con- 
ventional liquid manure, and carting it away 
would also be very costly. A dairy cow pro- 
duces 75L (nearly 20 gal) of manure per day. 
In Switzerland, farmers used old oil tanks to 
build a biogas plant, which now provides them 
with the equivalent of 300L (nearly 80 gal) of 
heating oil per cow per year. Biogas can also be 
produced very efficiently from sewage treat- 
ment sludge. 


Another source of biogas could be household 
waste. A lot of methane develops in landfill 
sites and it can be quite a hazard. If these sites 
were properly covered up, methane could be 
extracted. According to US calculations, 1% of 
US energy consumption could be supplied by 
biogas. This may not seem much but bear in 
mind that 1% of US consumption is the equiv- 
alent of the total energy consumption of sev- 
al developing countries (Fig. 6.16). 
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In the industrialized world, biogas will per- 
haps cover 1-5% of the total energy de- 
mand, due to the limited amount of available 
biomass. It is, however, highly significant as 


Myxomycetes 


Universal ancestor 
(progenote) 


Fig. 6.14 The Tree of Life. 


Before the discovery of 
Archaebacteria, the tree of life 
consisted of two major lines of 
evolution —the prokaryotic line 
and the eukaryotic line, which was 
derived from the former. 


At the beginning, there must have 
been anaerobic bacteria that produced 
energy through fermentation. Once 
the atmosphere contained enough 
oxygen, certain anaerobic cells that 
had lost their cell walls (mycoplasma) 
ingested smaller bacteria and 
developed an endosymbiotic 
relationship with them. 


Among these "swallowed up" 
bacteria, one aerobic bacterium 
(with oxygen respiration) became 
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a mitochondrion, a photosynthetic 
cyanobacterium developed into a 
chloroplast, and a spirochete may 
have turned into a flagellum. The 
ancestor of eukaryotic cells thus 
developed. 


The dendrogram of real bacteria, 
as far as it is known today, 
branches off into five major lines: 
Gram-positive bacteria, which 
include bacilli, streptomycetes, 
and clostridia, have thick cell 
walls. The photosynthetic purple 
bacteria (e.g., Alcaligenes) and 
some of their close relatives that 
are not photosynthetic, such as 
E. coli, form another group. 


Spirochetes are long, spiral- 
shaped bacteria. Cyanobacteria, 


which are photosynthetic and 
produce oxygen, probably gave 
rise to the chloroplasts in plant 
cells. Some spherical bacteria with 
atypical cell walls (micrococci) are 
extremely sensitive to radiation. 
The green photosynthetic bacteria 
(Chlorobium) are anaerobic 
organisms. 


In the 1970s, it was discovered that 
the prokaryotic archaebacteria 
differ considerably from all other 
organisms in their cell structure. 


They are a “third form of life,” 

a group apart, which played a 
dominant role in the primeval 
biosphere. Due to their oxygen 
sensitivity, they now only survive 
in ecological niche habitats. 


219 


—*| BIOTECHNOLOGY FOR BEGINNERS 


Box 6.3 Biochemical Oxygen 
Demand (BOD.;) — Measuring Unit 
for Biodegradable Substances in 
Wastewater. 


Oxygen has low solubility in water. 


At 15°C (59°F), approximately 10mg of 
oxygen per liter are dissolved; at 20°C (68 °F) 
only 9mg/L are dissolved. When wastewater 
is discharged into lakes, rivers, and the sea, the 
amount of dissolved oxygen in the water drops 
dramatically, as it is used up by aerobic bacteria 
and fungi to break down the organic matter. 


Sewage treatment plants therefore require an 
extra supply of oxygen in order to produce 
clean water. 


BOD is a test developed in England in 1896 
to measure the organic contamination of 
water. BODs gives an idea of the easily 
biodegradable proportion of the total of 
organic compounds in the water. It is derived 
from the oxygen demand of heterotrophic 
microorganisms. 


The amount of oxygen removed from water 
at 20°C during the breakdown is calculated 
for a certain number of days—in this case, 
5days. Water samples are diluted and air is 
bubbled into shaking flasks (in order to fully 
saturate the water with oxygen). It is seeded 

with a mixed culture of wastewater microbes. 
The oxygen content is then measured using 


a Clark oxygen electrode. The flasks are then 
sealed and kept at 20°C in the dark, where 
they are shaken. After the incubation period, 
the oxygen content is measured again. The 
difference between the first and fifth day 
(multiplied by the dilution of the sample) 
results in the BODs value. 


Measuring the BOD value using a Clark oxygen 
electrode ina culture flask in my lab. 


If the water did not contain any biodegradable 
substances, then there was nothing for the 
microbes to break down, and they will not 
have been respiring and multiplying. No 
oxygen will have been used up. The difference 
between day 1 and 5 will be zero. BOD; 
would then be 0 mg of oxygen per liter. The 
water is free of easily biodegradable material. 


If, by contrast, the water were high in 
biodegradable substances, then the added 
microorganisms would have multiplied and 


used up the oxygen. If, e.g., the difference is 
9 mg/L, О» has been completely metabolized 
at a 100x dilution rate, and the BOD value 
is 900 mg/L. 


Nine hundred milligrams of oxygen would 
be needed to completely break down 1L 
of wastewater. In other words, the oxygen 
dissolved in 9001 of clean water would be 
needed to degrade 1 L of wastewater. 


The BOD; contamination of wastewater by 
one person per day is quoted in population 
equivalents (PE). One PE is approximately 
60g BOD;/day. The ВОР; value can be 
affected by nitrification, algal respiration, or 
toxic compounds that inhibit the growth of 
microorganisms. 


The ВОР» value provides a comparability 
framework for wastewater, and wastewater 
charges are based on it. However, BODs 
does not give any information about 
nonbiodegradable compounds. 


BOD testing has a major drawback, i.e., the 
long testing time. 


Five days of measuring time make it 
impossible to use the test for the flexible 
management of treatment plants, whereas 
microbial biosensors measure the BOD of 
wastewater within 5 min. 


However, they can only flag up low- 
molecular-weight compounds that can 
penetrate a protective membrane. 


Fig. 6.15 Nobel laureate Paul 
Crutzen (1933-2021, center), 
codiscoverer of the ozone hole, 
after a lecture in Hong Kong in 
April 2005: “1.4 billion cattle 
on Earth produce massive 
amounts of methane." 


Fig. 6.16 Strip of land near 

the former Berlin Wall in 1990, 
sealed off because of herbicide 
contamination. My son Tom 
explores it... 
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an energy source for agricultural regions all over 
the world. Not only the supply of energy, but also the 
disposal of waste is becoming a pressing issue, and the 
protection of soil and woodland is a global ecological 
problem (Box 6.3). 


ш 6.6 Fuel Growing in the Fields 


When you turn the ignition key, you expect to smell 
the usual unpleasant exhaust gases, but instead, there 
is just a whiff of alcohol. This is an everyday expe- 
rience in Brazil (see Box 6.5 for more detail) where 
ethanol-powered and flexible-fuel vehicles are 
manufactured. Their engines burn hydrated ethanol, an 
azeotrope of ethanol (around 93%, v/v) and water (776). 


In 2019, around 110 billion liters of ethanol were pro- 
duced in the world, most of it for use in cars. Brazil, 
the second largest ethanol producer after the United 
States, produced around 31 billion liters and used 3.38 
million hectares of land area for its production. Of this, 
around 19.8 billion liters were produced as fuel for 


ethanol-powered vehicles in the domestic Brazil market. 
Food for cars! 


It was the first oil crisis in 1973/1974 that sparked 
the gigantic ethanol-for-fuel production in Brazil. A sec- 
ond boost for the industry came during the second oil 
crisis in 1979. 


There was already a sufficient supply of raw mate- 
rial, i.e., sugarcane. As a reaction to the high world 


market prices for oil, the s 


tate of Brazil launched an 


ethanol-for-fuel program called Proalcool in 1975. The 


project was politically as wel 
and it has been controversia 


as economically motivated 
(details in Box 6.5). There 


is, on the one hand, the question of whether fuel produc- 
tion should take priority over food production, and 
on the other, the issue of significant environmental im- 
pact through water pollution and soil erosion. Each liter 
of pure ethanol produces 12-15 L (3.2-3.9 gal) of sugar 
residuum and 1001. (26.4 gal) of washing water, both of 
which, for economic reasons, are mostly discharged into 
the rivers untreated. Sugar residuum that could have 
been used as fertilizer turns rivers into sewers instead. 


The organic waste created to produce 1L of alcohol is 
the equivalent of the wastewater of four city dwellers. 
One single distillery producing 150,000L (around 
40,000 gal) per day produces the same amount of waste- 
water as a city of 600,000 inhabitants! 


The conclusion? Biotechnology does not automati- 
cally deliver eco-friendly solutions! 


During the alcohol-producing season, the drinking water 
supply of whole cities was temporarily disrupted. Now, 
the Brazilian government was pulling the plug—the al- 
cohol industry must use its washing water in a closed 
cycle, sugar residuum must be turned into animal feed 
and fertilizer, and the sewage sludge into biogas. The 
biofuel problem highlights the economic as well as the 
political aspects that need to be considered in the future 
development of new technologies. 


Lester Brown (b. 1934, Fig. 6.18), director of the 
Earth Policy Institute, emphasizes that growing crops 
for biofuel would increase the already excessive pres- 
sure on fertile arable land in many parts of the world 
and it would finally lead to soil erosion and destruc- 
tion. According to Brown, 1,000 m? (0.25 acres) are 
needed to feed a human over a year, whereas to pro- 
duce enough crops to fuel just one US car for a year 
would require an area of 30,000 m? (7.4 acres). In 
other words, one car "eats" the food supply for 
30 people! The United States are now increasing 
their own production. According to the US Grains 
Council, there were 205 grain ethanol biorefineries in 
November 2019 with a capacity of 15.8 billion gallons 
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of ethanol per year. Over the last years, however, the 
boom has fizzled out and hardly any new corn biorefin- 
eries are being built. 


ш 6.7 Ananda Chakrabarty's Oil-Guzzlers 


Could supermicrobes play a part in saving the envi- 
ronment? The Indian-born biotechnologist Ananda 
Mohan Chakrabarty (1938—2020, Box 6.4) who lives 
in the United States, grew bacteria that could break 
down the herbicide 2,4,5-T, when working for General 
Electric (GE). The herbicide was used in large quanti- 
ties during the Vietnam War as a component of Agent 
Orange (which also contained mutagenic dioxin) to de- 
foliate vast areas of jungle (Fig. 6.17). The catastrophic 
consequences include congenial deformities and cancer 
in the Vietnamese population and among the offspring 
of US war veterans. 


After successfully producing herbicide eaters, 
Chakrabarty went on to grow veritable oil guz- 
zlers (Fig. 6.19 and Box 6.4). He took plasmids 
from four Pseudomonas strains, each of which de- 
grades, respectively, octane, camphor, xylene, and 
naphthalene. 


These plasmids were used to create super plasmids, 
which were then reintroduced into the bacteria and 
conveyed the ability to digest all four compounds. These 
transformed bacteria attacked poisonous crude oil res- 
idues with a vengeance and they were intended to be 
used to clean up large oil slicks quickly. The massive 
amounts of microorganisms would later be polished off 
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Fig. 6.17 Vietnamese jungle, 
intact (top) and after defoliation 
with the herbicide Agent 
Orange (2,4,5-T) (bottom). 
Ananda Chakrabarty bred Agent 
Orange-degrading bacteria (see 
Box 6.4). 


Fig. 6.18 Lester Brown founded 
the Earth Policy Institute in 
1974 and he is one of the 

most prominent thinkers in 
sustainable renewable energy. 


Fig. 6.19 The construction of 

a superbacterium or superbug 
that can break down the higher 
hydrocarbons of petroleum. 
First, a camphor-degrading 
plasmid (CAM) was introduced 
into a plasmid that already 
contained an octane-degrading 
plasmid (OCT). Both plasmids 
underwent fusion. 


Enzymes for both degradation 
pathways were thus encoded 
for in one plasmid. Xylene- 
and naphthalene-degrading 
plasmids, by contrast, 
coexisted already in one cell. 


Finally, Chakrabarty put all these 
plasmids together in a single 
bacterial strain that thrives 

on petroleum, using camphor, 
xylene, octane, and naphthalene 
as carbon sources (see Box 6.4). 
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Fig. 6.20 The Exxon Valdez 
disaster. Day 1—5. The tanker 
Exxon Valdez at Bligh Reef, 
March 26, 1989. 


Beaches heavily polluted with 

oil (Smith Island, April 1989). 
Attempts to clean up the beaches. 
Contamination was found even 
350miles away on the Alaskan 
peninsula (August 1989). 


The Aftermath of the Exxon 
Valdez Disaster in Figures 


38,000 tons of crude oil (the 
contents of 125 Olympic 
swimming pools) ended up in 
the sea. 1300 miles of coast 
were polluted. 


The estimated number of 
animals killed is: 


250,000 sea birds, 

2,800 otters, 

300 seals, 

250 Bald-Headed Eagles, 


22 orcas and vast numbers 
of fish. 
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by organisms higher up in the food chain. However, 
Chakrabarty’s oil-guzzlers have never been used due to 
the restrictions on releasing genetically modified bacte- 
ria into the environment. 


When in 1989, the oil tanker Exxon Valdez was 
stranded on the Alaskan coast, most of the thick oil layer 
was pumped off and filtered (Fig. 6.20), while the oil 
coat on rocks and pebbles was degraded by convention- 
ally bred bacteria. Their growth was enhanced by the 
addition of phosphate and nitrate “fertilizers.” To this 
day, this is all that can be legally done. 


At a more recent oil disaster, the sinking of the BP oil 
platform Deepwater Horizon in the Gulf of Mexico 
on April 20, 2010, a dangerous mix of drilling mud, 
crude oil, and natural gas had to be dealt with. BP 
used 2.3 million liters of the solvent Corexit on the 
surface as well as at the oil well in the seabed in order 
to disperse the oil into droplets that could be degraded 
by bacteria. Corexit had been developed by Exxon and 
it was produced by the US chemical company Nalco. 
It was used in 1979 after the explosion of the Mexican 
oil rig Ixtoc as well as the Exxon Valdez disaster men- 
tioned above. The Deepwater Horizon oil slick lasted 
5months, with 4.9 million barrels of oil spilling out. 
Of these, 0.18 million barrels were removed through 
siphoning, filtration, and chemical measures. Where 
did most of the leaked crude oil go then? Well, the 
laws of Nature helped, as lighter compounds evapo- 
rate, whereas heavier components sink to the bottom 
of the sea. The rest disperses in the water, where they 
are degraded by microbes. 


The damage to the environment caused by such leaks 
is mainly dependent on the volume of the oil-gas mix as 
well as quantity and quality of chemicals used to keep 
the consequences of the oil spill at bay. Oil and Corexit 
are toxic to marine life and as such they have direct ef- 
fects on the food chain. 


However, tanker and oil rig leaks are responsible only for 
a small proportion of oil pollution. Every year, millions 
of tons end up in the oceans, a quarter of which 
comes from illegal cleaning of oil tanks in the open sea, 
while one-third comes from wastewater dumped into 
rivers. 


In 1980, the US Supreme Court made a decision in 
the case of Diamond versus Chakrabarty [447 US 303 
(1980)]. Chakrabarty had filed a patent on an organism 
in 1971 and which had been fighting its way through 
the courts. His oil-digesting bacterial strain became the 
first engineered organism in history to be patented 


in the United States (Fig. 6.19), creating a prece- 
dent for the biotech industry allowing microbes to 
be patented (Box 6.4). 


ш 6.8 Sugar and Alcohol From Wood 


The ideal raw material for the production of sugar, alco- 
hol, and other industrial chemicals is starch. However, 
as starch is a major nutrient, its use for industrial pur- 
poses is highly controversial (see Box 6.5). 


The most significant sustainable raw material for alcohol 
production, however, is lignocellulose, which cannot 
be used as a food resource. 


Lignocellulose consists of three components—cellu- 
lose, a linear polymer made up of glucose molecules; 
hemicellulose, also a polysaccharide, contain- 
ing sugars of five carbon atoms such as xylose; and 
lignin, an aromatic molecule complex. In wheat 
straw and wood, these components occur in a ratio 
of 4:3:2 (Fig. 6.21). 


Although the price per ton of dry cellulose biomass is 
considerably lower than that of grain starch, when it 
comes to conversion into sugar, it simply cannot com- 
pete. The firm structure of lignocellulose, vital for 
plants, becomes a major obstacle in the process as cel- 
lulose is only available in crystalline form, enclosed by 
hemicellulose and lignin. 


Anybody who still owns genuine old wooden fur- 
niture will confirm that this type of cellulose is not 
water-soluble, whereas starch is. 


Most microbes are unable to break down wood without 
some enzymatic pretreatment, and this is precisely the 
reason why timber has become such a popular build- 
ing material, although it needs to be protected from 
woodworm, termites, and white rot and blue stain (fun- 
gal diseases). All these organisms produce cellulases 
that break down cellulose into sugar and thus destroy 
the wood. 


— 
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methane-producing termites, it is the protozoa in the 
testine that produce cellulases (Fig. 6.22). 


Г 
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The current favorite among cellulase-producing organ- 
ms is a fungus named after the eminent American cel- 
lulase researcher Elwyn T. Reese, Trichoderma reesei 
(formerly Trichoderma viride), which secretes cellulase 
extracellularly. 


me 
[72] 


Box 6.4 The Expert's View: 
Ananda Chakrabarty — Patents 
on Life? 


The first patent on new life-forms 
in history was granted to Ananda 
Chakrabarty. He earned his PhD at the 
University of Calcutta in India in 1965. 


In his days as a young scientist at GE 

in the United States, he developed a 
Pseudomonas strain that could break down 
crude oil components into less complex 
substances on which aquatic life can feed. 


The strain was the subject of the landmark 
1980 US Supreme Court decision that 
forms of life created in the laboratory can 
be patented. Shortly after the decision 
came through, a spokesperson of the 
pioneer biotech company Genentech 
(founded by R.A. Swanson and H.W. 
Boyer, see Chapter 3) said that the 
Supreme Court's action “assured this 
country's technological future." 


Chakrabarty's battle for patent 
protection is now widely thought to have 
paved the way for future patenting of 
biotechnological discoveries. 


United States Patent г 4,259,444 
Chakrabarty BS — Mar. 31, 1981 


14] MICROORGANISMS HAVING MULTIPLE Attorney, Agent, or Firm—Leo I. MaLosti, James С. 
COMPATIBLE DEGRADATIVE. Davi 
ENERGY-GENERATING PLASMIDS AND. 
N THERE 


IONS 
iology vol. 26 Annval Re- 


pp. 468-478 (1971). 
Pr. 210-263 (1965). 
В Penland 38 Chaim, 2 Drawing Figures 


Here Is His Story: 


“Who owns life?” This is a rhetorical question 
for which simple answers do not exist. The 
definition of what life is or when it begins has 
eluded a satisfactory answer since the days 

of the abortion debate or even earlier, when 
philosophers and scientists tried to distinguish 
between living and nonliving objects. 


To complicate matters: What is meant by 
ownership? 


In a sense, we all own life, if ownership 
means having the ability to breed new lives 
(as we do with cattle, chickens, fish, or 
plants) and to terminate such lives at will. 


My Own Case of Patenting a Lifeform 


My involvement with the two issues, viz., 
patenting life forms or judicial lawmaking, 


goes back to the 1970s when I was a 
research scientist at the GE R&D center in 
Schenectady, NY. 


U.S. Patent Mar. 31, 1981 4,259,444 


FIG. | 
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FIG. 1 shows the difference in growth capabilities in 
crude oil as the sole source of carbon of four single cell 
strains of P. aeruginosa PAO. Curve a shows the cell 
growth as a function of time of 

P. aeruginosa without any plasmid-borne energy- 
generating degradative pathways. Curve b shows 
greater cell growth as a function of time for SAL * P. 
aeruginosa. Curve c shows still greater cell growth as a 
function of time for SAL*NPL:* P. aeruginosa. Curve 
д shows cell growth that is significantly greater still as 
a function of time for the CAM *OCT'SAL *NPL^ 
superstrain of P. aeruginosa. These results clearly estab- 
lish that cells artifically provided by the practice of this 
invention with the genetic capability for degrading 
different hydrocarbons can grow at a faster rate and 
better on crude oil as the plasmid-borne degradative 
pathways are increased in number and varicty, because 
of the facility of these degradative pathways to simulta- 
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neously function at full capacity. 


There, I developed a genetically improved 
microorganism (see this book on p. 221, 

Fig. 6.19) that was designed to break down crude 
oil rapidly and was therefore deemed suitable for 
release into oil spills for their cleanup. Because 
such an environmental release would make 

them available to anyone who wanted to have 
them, GE filed for a patent for both the process 

of constructing the genetically manipulated 
microorganism and the microorganism itself. 


The Patent and Trademark Office (PTO) 
granted the process patent but rejected the 
claim on the microorganism based on the fact 
that it was a product of Nature. GE appealed 
to the PTO Board of Appeals, pointing out 
that the genetically engineered microorganism 
was genetically very different from its natural 
counterparts. The Board conceded that 

it was not a product of Nature but it still 
rejected the claim on the patentability of the 
microorganism because of the fact that the 
microorganism was alive. 


Convinced that such a rejection had no legal 
basis, GE appealed to the US Court of Custom 
and Patent Appeals (CCPA). The CCPA ruled 
three to two in GE's favor. 


Judge Giles S. Rich, speaking on behalf of 
the majority, contended that microorganisms 
were “much more akin to inanimate chemical 
compositions such as reactants, reagents, 

and catalysts than they are to horses and 
honeybees or raspberries and roses.” 


Another judge, Howard T. Markey, concurred, 
saying, “No congressional intent to limit patents 
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to dead inventions lurks in the lacuna of the 
statute, and there is no grave or compelling 
circumstance requiring us to find it there.” 


The PTO then appealed to the Supreme Court. 
Initially, the Supreme Court sent it back to the 
CCPA for reconsideration in light of another 
patent case, but the CCPA again ruled in favor of 
GE, this time emphasizing that the court could 
see “no legally significant difference between 
active chemicals which are classified as dead 

and organisms used for their chemical reactions 
which take place because they are live.” 


The CCPA decision prompted the Solicitor 
General to petition the Supreme Court for a 
ruling, which was granted. Several amicus 
briefs were filed by many individuals and 
organizations to support or oppose the case, 
which came to be known as Diamond versus 
Chakrabarty because Sidney Diamond was 
the new commissioner of patents. 


One amicus brief filed on behalf of the 
government came from People’s Business 
Commission (PBC), which argued that 
patenting a life form was not in the public 
interest and that granting patents on a 
microorganism would inevitably lead to 

the patenting of higher life forms, including 
mammals and perhaps humans. 


The “essence of the matter,” PBC argued, was 
that the “issuance of a patent on a life form 
was to imply that life has no vital or sacred 
property and it was simply an arrangement of 
chemicals or composition of matter.” 


This fantastic picture of Pseudomonas 
was taken by Dennis Kunkel (see www. 
denniskunkel.com). He explained 

it: “This is a Transmission Electron 
Microscope (TEM) view of a negatively 
stained bacterium. It was just luck that | 
retained most of the polar flagella on this 
Pseudomonas — this species has a bundle 
of polar flagella only. The negative stain 
allows the flagella to stand out nicely when 
viewed with a TEM." 


In 1980, 8 years after the initial filing, 
the Supreme Court, by a vote of 5—4, agreed 
with Judge Giles Rich of the CCPA that 

the microorganisms in question were a new 
composition of matter, the product of human 
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ingenuity and not of Nature’s handiwork, 

and thus a patentable subject matter. Justice 
William Brennan (1906-1997), arguing 

on behalf of the minority, pointed out that 

the case involved a subject that “uniquely 
implicates matters of public concern” and 
therefore belonged to congressional review and 
a new law. Ownership of lifeforms became a 
reality with interesting consequences! 


What Happened Next? 


The decision of the Supreme Court was 
narrowly focused on what was described as a 
“soulless, mindless, lowly form of life,” even 
though the court emphasized that anything 
under the sun made by man could be 
patented as long as it met the criteria. 


The PTO took the decision as a broad 
interpretation of the patenting of life forms and 
has issued hundreds of US patents covering 

microorganisms, plants, animals, fish, and birds 
and human genes, mutations, and cells. 


The issuance of patents on animals and 
human body cells conferred a degree of 
ownership that was an uncharted territory 
with unprecedented legal ramifications. Many 
disputes involving patent infringement cases 
emerged because of questions related to 
obviousness, enablement, or the priority of 
invention that had to be decided by the courts. 


More difficult were the questions about 
ownership rights and privileges. For example, 
in the patent “Unique T-lymphocyte line and 
products derived therefrom,” the inventors 
used the spleen of a patient, Mr. John 
Moore (1945-2001), who suffered from 
hairy cell leukemia and came for treatment 
to Dr. David W. Golde (1940-2004) at 
the University of California at Los Angeles 
(UCLA) in 1970. As part of the treatment, 
Mr. Moore’s spleen was removed and Dr. 
Golde developed a cell line with enriched 
T-lymphocytes that produced large amounts 
of lymphokines useful for cancer or AIDS 
treatment. Without Mr. Moore’s initial 
knowledge or consent, but requiring Mr. 
Moore's repeated visits to the hospital, Dr. 
Golde and UCLA applied for a patent on the 
cell line derived from Mr. Moore's spleen, 
which was granted in 1984. Mr. Moore 
subsequently sued Dr. Golde and UCLA, 
claiming theft of his body part. The trial 
court ruled against Mr. Moore, but the ruling 
was reversed by the Court of Appeals, and 
the case finally ended up at the California 
Supreme Court. Both the Appeals Court and 
the Supreme Court recognized the novelty of 
Mr. Moore’s claim, which was without any 
precedent in law. Nevertheless, the California 
Supreme Court ruled against Mr. Moore on 
the issue of conversion (unauthorized use of 
his body part) but recognized his right to be 
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Ananda Chakrabarty in his lab when working 
with “superbugs.” 


informed of what the physician was doing 
involving his health and well-being. 


Who should own intellectual property when 
a given invention not only requires human 
ingenuity but also human tissues? 


On October 30, 2000, a lawsuit was filed in 
the Chicago federal court by the Canavan 
Foundation of New York City, the National 
Tay-Sachs and Allied Diseases Association, 
and a group of individuals. These individuals 
and organizations raised money, set up a 
registry of families, and recruited tissue 
donors to help develop a genetic test for 
the Canavan disorder caused by a mutation 
on chromosome 17 in a gene encoding the 
enzyme aspartoacylase. 


The disease predominantly affects Ashkenazi 
Jewish children and a genetic test was deemed 
to be useful in screening potential parents 
harboring such mutations. The foundation 
provided diseased tissues and money to Dr. 
Reuben Matalon, who developed a genetic 
test while employed at the Miami Children’s 
Hospital (MCH). Once the test was developed, 
a patent on it was obtained by MCH. 
However, MCH was alleged to have charged a 
high fee for the test, restrict access to the test, 
and put a limit on the number of tests that a 
licensee can perform. 


This was contrary to the intention of the 
individuals and foundations, which was to 
help develop a cheap test that could be made 
widely available to prospective parents to 
prevent Canavan disease. 


The question of how important the contribution 
of the tissue donors is, without which tests 
cannot be developed and patents cannot be 
obtained, is going to resonate as more and more 
such cases end up in courts of law. 


Another important consideration is 

the cost of the tests. Diseases are often 
caused by mutations, deletions, or genetic 
rearrangements in human genes. Therefore, 
genetic screening for some diseases may 


involve several genetic tests to ensure the 
detection of all possible genetic alterations. 
For a disease such as cystic fibrosis, where 
70% of the patients harbor a single mutation 
(a trinucleotide codon deletion) in the CFTR 
(cystic fibrosis transmembrane conductance 
regulator) gene, a single genetic test may not 
be enough and multiple mutations may have 
to be screened, thus greatly increasing the 
cost of genetic tests. 


Because the detection of genetic alterations and 
development of such tests are time-consuming 
and costly, the developers seek patents on such 
genetic tests and try to recoup the expense 

by assessing license fees for conducting the 
tests. Who should pay for these costs? Who 
decides the cost of such genetic tests? Should 
market forces determine who should live 
disease-free and who should suffer? 


The incidence in South Africa where drug 
companies allowed the low-cost generic 
production of their patented AIDS drugs to 
be made available to HIV-infected patients is an 
interesting example of the societal responsibility 
of large drug manufacturers. This will apply, to 
a larger extent, to Covid-19 vaccines. 


" 


Ananda Chakrabarty after 
winning his case. 


Then, there is the question of the patentability 
of genetic tests that do not detect all the 
mutations or genetic variations in a gene. 


Myriad Genetics of Salt Lake City obtained 
a European patent in 2000 on the genetic 
esting of BRCA1 and ВКСА2, called the 
BRAC Analysis Technique, which used 
automated sequencing to scan for BRCA 
mutations and deletions. Mutations in BRCA1 
and BRCA2 account for almost 1076 of all 
breast cancers, and their early detection is 
important to treat breast cancer. However, 
certain deletions and genetic rearrangements 
in BRCAI, involving about 11.6kb of DNA, 
cannot be detected by the Myriad tests and 
they can only be detected by a patented 
process called combed DNA color bar coding. 
Such genetic deletions may comprise about 
36% of all BRCA1 mutations. The claims of 
the Myriad Genetic European patent allegedly 


make it difficult for European clinicians to use 
the combed DNA color bar coding technique 
patented by Institute Pasteur, raising difficult 
legal questions on who should control 

or establish ownership of human genetic 
mutations and their detection and on human 
genetic makeup in general. 


There are also privacy and civil right issues 
in patented genetic tests. For example, the US 
Equal Employment Opportunity Commission 
(EEOC) sued the Burlington Northern Santa 
Fe Railroad for requiring genetic tests of its 
employees, who filed claims for certain work- 
related hand injuries (carpal tunnel syndrome). 


The railroad wanted to determine which 
employees may be predisposed to this 
syndrome, which was believed to be due to a 
Specific genetic deletion on chromosome 17. 
The railroad was alleged by the EEOC to have 
threatened to fire employees who refused the 
test, thus violating the employees' civil rights. 
This case has since been resolved to the 
satisfaction of the EEOC. 


What Is Human? 


In 1998, a patent application was filed to 

the United States PTO for a human-animal 
hybrid which was not actually made, but the 
concept was based on the fact that hybrids can 
be made out of sheep and goats. It was pointed 
out that the DNA sequence identity between 
humans and chimpanzees is of the same order 
as that between sheep and goats. Consequently, 
the applicants argued that it should be possible 
o make hybrids between humans and 
chimpanzees, and such hybrids could be useful 
or organ harvesting or other medical purposes. 
n reality, these applicants did not want the 
patents but they were simply raising the issue 
o prevent future patents on the engineering of 
human genes and human reproduction. The 
patent office rejected the application based on 
the 13th Amendment of the US Constitution, 
which is an antislavery amendment that rejects 
the ownership of human beings. 


Although the patent application has been 
rejected, it has raised some interesting 
questions. If the hybrid human-animal is 

a human and therefore cannot be owned, 
how much human genetic material or 
human phenotypic trait must be present in 
an organism or an animal to confer on it the 
characteristics of a human? 


Several human genes have been inserted 

in nonhuman organisms without raising 
problems of patentability. Is there an upper 
or lower limit of the presence of such human 
genes or traits to deter patentability based 

on the 13th Amendment? A Massachusetts 
company has claimed to have cloned a 


human embryo even though the embryo did 
not undergo enough cell division to give rise 
to a blastocyst. Given the large number of 
animals that have been cloned, it is likely that 
human embryos will be cloned in the future. 
There are many uncertainties regarding the 
health and well-being of cloned animals, 

and certainly there would be enormous 
resistance to the cloning of human beings. 
Given scientists' curiosity and the relative 
ease of cloning, it is likely that somebody, 
somewhere, would conduct nuclear transfer 
to enucleated human oocytes. 


What would happen if somebody transfers a 
chimpanzee nucleus into an enucleated 
human oocyte and implants it into a 
human uterus? Alternatively, one could take 
a chimpanzee egg and replace the nucleus 
with that of a human and then implant it in 
the womb of a chimpanzee. Even with the 
contribution of the cytoplasmic material, 
which controls gene expression, or the 
mitochondrial DNA of the egg, it is likely that 
the transferred nucleus will determine the 
primary genotype of the embryo. 


Is a baby chimpanzee delivered of a human 
mother a chimpanzee or a human? 
Alternatively, is a mostly human baby 
delivered of a chimpanzee mother a human or 
a chimpanzee? Can such babies be patented if 
they are not products of Nature? 


Epilogue 


This Is Both an Exciting and a Difficult 
Time for a Biologist 


The technologies of animal and human 
reproduction, as well as the techniques of genetic 
manipulation, are progressing so rapidly it creates 
situations that transcend our legal structure and 
directly affect our social and moral fabrics. 


It is high time that the US Congress takes а 
serious look at where the science is going, 
where it needs to go to make a positive 
contribution, and perhaps defines the 
boundaries of our venture into the unknown 
biological mysteries of Nature. Of course, no 
Congressional mandate will ever cover all future 
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scientific directions or orient human ingenuity, 
and the judiciary will play an increasing role 
in resolving conflicts involving human genetic 
reproduction, genetically manipulated plants 
and foods, and environmental restoration. 
There is thus a great need to continue dialogues 
between the judiciary, the legal community, 
the legislature, the interested public, and the 
scientific community, to provide guidance in 
scientific developments that may have major 
impacts on society. 


Ananda Chakrabarty in later years. 


Ananda Mohan Chakrabarty (1938-2020) 
was born at Sainthia (India) and became a 
Distinguished University Professor at the 
University of Illinois College of Medicine 

at Chicago. Chakrabarty's career illustrates 

a talent for turning research always into 
practical means. He is currently dealing 
with a new exciting finding: The ability of 
certain infecting pathogenic bacteria to allow 
tumor regression in human patients has 
been known for more than 100 years. The 
reason for regression was, however, thought 
to be due to the production of cytokines and 
chemokines by an activated immune system. 


Chakrabarty has shown that bacteria such 
as Pseudomonas aeruginosa produce the 
protein azurin, which is secreted when the 
bacteria are exposed to cancer cells. Azurin, 
and a modified form of azurin called Laz 
produced by Neisseria species, are highly 
effective in forming complexes with various 
proteins involved in cancer growth and 
surface proteins of the malarial parasite 
Plasmodium falciparum and the AIDS virus 
HIV-1, thereby significantly inhibiting their 
growth. Thus single bacterial proteins might 
have potential therapeutic applications 
against such unrelated diseases as cancer, 
malaria, or AIDS, including coinfection of 
AIDS patients by the malarial parasite. 
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Fig. 6.21 Hypothetical 
enzymatic degradation of 
lignocellulose. 


Fig. 6.22 Top: Termites produce 
biogas through cellulases 
produced by the intestinal 
flagellates they carry in their 
guts. Center and bottom: 

A drawer іп the author’ s 
cupboard in Hong Kong that 
had not been used for a while 
revealed a beautiful termite 
colony that turns the wood of 
the cupboard into methane. 
Beautiful nest! 
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NEW GUINE 
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Fig. 6.23 In World War II in the 
Pacific against the Japanese, 
the cotton clothes and 
cartridge belts of US soldiers 
disintegrated at an alarming 
rate. Cellulase-producing fungi 
such as Trichoderma were to 
blame. 
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Cellobiose 


It was discovered on a rotting cotton cartridge belt from 
World War II in New Guinea (Fig. 6.23). 


At the time, microbiologists were following up alarming 
reports about cellulose-containing equipment of the US 
forces disintegrating in tropical regions with frightening 
Speed. 


Meanwhile, mutants have been found that are 10 times 
more productive than the wild-type strain in turn- 
ing cellulose into sugar. The process, however, has 
remained uneconomical. 


The degradation products of lignin are toxic to 
many microbes—perhaps a natural tree-defense mech- 
anism—and no sensible use for lignin has been found so 
far. Pretreating lignocellulose with acid is therefore 
necessary to ensure an efficient enzymatic breakdown of 
cellulose, and the removal of the acids is an expensive 
business. The cost could be reduced by using steam- 
explosion- or freeze-explosion technologies involving 
liquid ammonia to remove the acid. 


The long search for lignin-degrading microbes, 
however, yielded some unexpected results several years 
ago. Experts had expected that high-molecular-weight 
compounds would always be cleaved first by hydrolytic 
enzymes (hydrolases) produced by microorganisms and 
then secreted into a medium. This is the case for amy- 
lases and cellulases. 


In lignin degradation, however, a fungus was found that 
causes what is known as white rot in wood. These fungi 
break down 60-70% of lignin into fragments, carbon 


Oxygen 
oS 


LA 


Glucose 


ы 


= 


dioxide, and water, freeing white cellulose (hence ће 
name white rot). 


The lignin-degradation mechanism is sensational: The 
Phanerochaete chrysosporium and Coriolus versicolor 
fungi secrete not hydrolases, but extracellular peroxi- 
dases into the medium. These break the bonds between 
the phenols in lignin (Fig. 6.21). 


The origin of the hydrogen peroxide, without which 
peroxidases do not function, remains unexplained. It is 
thought that extracellular oxidases such as glucose oxi- 
dase (GOD) provide НО: when oxidizing glucose. 


The unexpected involvement of peroxidases in the deg- 
radation process shows that enzyme research has so far 
uncovered no more than the tip of the iceberg, 
and further amazing and useful applications may 
lie ahead. 


The second problems concerning the degradation of 
wood are the inhibition of cellulases by their own 
product (product inhibition) glucose and its dimer 
cellobiose, and the comparatively low activity of cel- 
lulases. Even the most effective cellulases only exhibit 
one-thousandth of the activity of commercial amylases. 
Protein engineering might be a way to make cellu- 
lases relinquish their voluntary self-control. Genetic en- 
gineers have been cloning cellulose genes from several 
fungi into bacteria in order to produce large quantities of 
cellulase economically. Another possibility of improving 
the effectiveness of lignocellulose conversion is to con- 
vey to bacteria the ability to use the five-carbon sugars 
(e.g., xylose) of hemicellulose. 


As a last resort, microbes that metabolize 
lignocellulose directly, such as Clostridium 
thermocellum, can be used. The wild strains 
offer a wide range of lignocellulose products, 
particularly ethanol and organic acids. The 
production of any of these products can be 
genetically enhanced, i.e., production can be- 
come economically viable. 


A company in North America uses the white 
rot fungus Ophiostoma piliferum to pretreat 
woodchips (biopulping), and within a few 
Weeks, the cellulose yield grows considerably. 
Ophiostomainoculated chips break down 
lignin while, at the same time, crowding out 
bluestain competitors. 


ш 6.9 Basic Chemicals From 
Biomass? 


No more than approximately 100 chemical 
compounds employed in industry make 
up 99% of all chemicals used. Three- 
quarters of these are made out of five essential 
ingredients: ethylene, propylene, benzene, 
toluene, and xylene. Currently, all of these 
compounds are derived from petroleum and 
natural gas, and all the fluctuations and tur- 
bulences of the oil markets are passed on to 
the chemical sector. In addition, the cracking 
of petroleum and precautions against environ- 
mental damage require a lot of costly energy. 


Experts believe that in principle, about half 
of the top 100 chemicals could be pro- 
duced from renewable sources. 


What is the situation today? Ethanol, citric 
acid, and acetic acid can be produced cost- 
effectively through biotechnology (Fig. 6.24). 


Ethanol (Fig. 6.24) is an important industrial 
chemical (see Chapter 1), which is utilized 
as a solvent, extractant, or antifreeze, and as 
a starter substance for the synthesis of other 
organic compounds used as pigments, glue, 
lubricants, medicinal products, detergents, ex- 
plosive, resins, and cosmetics. 


When fossil fuel prices were low and sugar 
and starch for fermentation were expensive, 
chemical ethanol synthesis involving ethylene 
hydration at high temperatures and catalysts 
widely replaced fermentation. Now, we see a 
renaissance of the oldest biotechnological 
method in the world. Through continuous 
processing of new, highly effective thermo- 
philic and ethanol-tolerant microorganisms, 


and energy-efficient distilling techniques, the 
distillation process can be made competitive. 


Currently, acetic acid (Fig. 6.24) production 
by the oxidation of ethanol by Acetobacter 
is exclusively used for human consumption, 
whereas highly concentrated industrial ace- 
tic acid is obtained through the chemical 
carbonylation of methanol, which is more 
cost-effective. Approximately 200,000 tons of 
acetic acid worldwide are produced from eth- 
anol by fermentation. 


An environmentally friendly application 
of acetic acid is being tested in the United 
States. Acetate, an acetic acid salt, is produced 
from acetic acid by mixing it with limestone. 
The acetic acid is obtained from biomass. 


Calcium magnesium acetate has a melting 
point of — 8°C (17.6°F) and it is used as an en- 
vironmentally friendly salt to keep roads 
free from ice. Car drivers are happy with it 
because it also protects cars from corrosion. 
The sodium chloride widely used in Europe 
for roads, by contrast, is a tree killer because it 
competes with essential plant nutrients. 


n-Butanol (1-butanol) is an important organic 
solvent. The n stands for “normal” and it im- 
plies that the compound consists of a straight 
chain with no side chains. n-Butanol is used in 
the production of plasticizers, brake fluid, fuel 
additives, synthetic resins, extractants, and 
paints. A total of 1.2 million tons of butanol 
are produced from petroleum every year. The 
production of butanol began due to shortages 
in England during World War I and it is di- 
rectly connected to the foundation of the State 
of Israel (Box 6.6). 


Clostridium acetobutylicum produces buta- 
nol, with the solvent acetone as a by-product. 


Acetone (Fig. 6.24) was very much in de- 
mand in World War I. In Britain, it was needed 
to produce the explosive cordite. After the 
war, butyl acetate was used for nitrocellulose 
varnishes, and there was a shift in interest to- 
ward n-butanol. 


Only in the 1940s and 1950s when prices 
for petrochemical products fell below those 
of starch and molasses did the microbial pro- 
duction of n-butanol decline drastically. Only 
South Africa, where petroleum was scarce 
due to an international embargo, kept running 
90-m? reactors that yielded 30% solvents, of 
which six parts were butanol, three parts ace- 
tone, and one part ethanol. 
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Fig. 6.24 Basic chemical 
compounds that can be produced 
from biomass. 
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Box 6.5 The Expert’s View: 
Nobel Prize Winner Alan 
MacDiarmid About Agri-Energy 


You start your car, and off it goes, leaving a 
wonderful smell of booze behind... 


The old Esso tagline "Put a Tiger in Your Tank" 
should now read "Put BIO in Your Tank." 
Many countries— China, the EU, and even 

the United States under George Bush—have 
decided to move toward an increased use of 
bioethanol. Against a background of sharply 
rising oil and fuel prices, it made sense to fall 
back on the oldest biotechnology in the world, 
the yeast fermentation of sugars into alcohol. 
Many see biofuel as the savior of our future. 


Prof. Alan MacDiarmid (University of Texas 
at Dallas and University of Pennsylvania) gave 
a lecture about agri-energy at my university 

in Hong Kong in 2006. In 2000, he was 
awarded the Nobel Prize for the revolutionary 
discovery that modified plastic polymers 
Work as electric conductors. He recently 
set up a research center in China, which 
looks into China's supply of bioenergy. China 
has vast desert-like areas where hardy, energy- 
supplying plants that do not compete with 
food crops could be grown and provide poor 
farmers with an income. 


Ethanol-fueled car among the sugarcane that 
provides sustainable fuel economically. 


Nobel Laureate Alan McDiarmid 
Explained to the Students: 


As we deplete oil, coal, and natural gas 
reserves globally, the recovery of the 
remaining fossil fuel may be technologically 
feasible, but it will not be economically 
recoverable. It will simply cost too much. 


This reality enhances the financial viability 
of any alternate form of renewable energy 
because that viability is hitched to the price 

of oil per barrel on the international market. 

If the price of oil falls, which is unlikely, the 
economic feasibility of alternate forms of energy 
decreases. The most promising source of 
alternate energy comes from Nature's own solar 
cells—the leaves of trees, bushes, and grass. 
They absorb sunlight and convert it into various 
organic materials-stored energy from the sun. 
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Sugarcane (Saccharum officinarum). 


In past eras, people hunted for fish, animals, 
berries, and roots. Then, we learned to grow 
them through farming. But, we are still 
hunting for energy from forests that grew 
millions of years ago—i.e., coal, petroleum, 
and natural gas. 


Now that we are more enlightened, we will 
surely do the same for energy as we have 
done for food and we will begin to farm our 
energy needs. 


Like "farms for food" long ago invented by 
humans, now the time has come to create 
"farms for fuel." 


In the future, we will get most of our energy 
from the growth of plants instead of waiting 
for them to decay over millennia and then 
using expensive and complex technology to 
get that energy out of the ground. 


The most prevalent type of fuel that can be 
grown is bio-ethyl alcohol, or ethanol as i 
is commonly called, which we are already 
putting into gasoline in significant quantities. 
Itis made primarily from the fermentation of 
sugar and certain parts of corn. 


Biodiesel, which is oil obtained from 
soybeans, sunflower seeds, jatropha, or the 
like, is another form of biofuel. In this case, 
the oil is extracted and no fermentation is 
involved. 


Since a given country may be limited by its 
climate or soil conditions in the growing of 
sugar or corn for fermentation into bio- 
alcohol, of great interest at the moment are 
advances in creating fuels out of cellulosic 
materials such as are found in wood-chip 
Waste or dry waste from farm products. 


If this cellulose can be broken down by 
enzymes into sugars that can be easily 
fermented into ethanol, then there will be 
few limits to the widespread use of biofuels. 
Pilot projects on this have been implemented, 
and the results are promising. Every day, the 
costs are being reduced because the cellulose 
enzyme is becoming cheaper and cheaper 
with active research. 


In time, the fuel of the world will be derived 
from trees, shrubs, and grasses that can grow 
in essentially any climate in the world, as 
well as from corn and sugarcane in certain 
climates. Instead of a petroleum economy, we 
will live in a bio-alcohol economy. 


The beauty of using fuel obtained from living 
plants is that any carbon dioxide released 
into the atmosphere when a biofuel is used 

is then reabsorbed by the leaves of plants. 

So, we get a cycle in which the amount of 
carbon dioxide released into the air is neither 
increased nor decreased. Therefore, if we 

use biofuels of any type, we do not add to 
global warming by increasing the amount of 
carbon dioxide into the air, as the burning of 
fossil fuels does. 


Of course, no one form of renewable energy, 
whether biofuels, wind, or solar, can cover 
all the energy needs of a given country. 
Necessarily, there will have to be a mix of 
fuels according to the local conditions of 
climate, soil, and terrain. We will, no doubt, 
see wind and hydroelectric powers in one 
part of the country and biofuels in another. 
And still some “economically recoverable” 
fossil fuels in another. 


1 
Мо misturar 
à gasolina. 


2. 

Nào utilizar 
em motores 
nào adaptados. 


EA 


What I'm describing has already happened in 
Brazil, which today is essentially independent 
of any imported petroleum. It has already 
produced 6 million automobiles that 

run either on pure ethyl alcohol or some 
combination with gasoline. These are known 
as flex-fuel cars. You can drive into any 

gas station and you will see two types of 
pumps—one labeled alcohol and the other 
labeled gasoline, although the gasoline already 
has about 2276 ethanol mixed in. Sensors in 
the gas tanks sense the relative amounts of 
ethanol and gasoline, and the engine adjusts 
accordingly. At the moment, a gallon of 
ethanol is cheaper than a gallon of gasoline. 


Jatropha curcas also called physic nut, is 
currently grown on millions of hectares across 
China for its nonedible oil used in candle and 
soap production. It is now expected to become 
the main crop for the production of biodiesel. 
The 13 million-hectare forest, mostly in 
southern China, should yield nearly 6 million 
tons of biodiesel every year. The jatropha trees 
also provide wood to fuel a power plant with 
an installed capacity of 12 million kilowatts — 
about two-thirds the capacity of the Three 
Gorges Dam project, the world' s biggest. 


The number of cars in Europe with a flexible 
fuel mix is increasing. Ford Motor Company 
has said that it will produce 250,000 flex-fuel 
cars in the United States. One wonders: "If 
Brazil can convert so thoroughly to biofuels, 
why cannot the sole superpower now trapped 
in its dependence on Middle East oil with all 
the attendant conflicts that involves and the 
contribution to global warming that entails?" 


It Seems So Straightforward, But Is 
It? We Had a Controversial Friendly 
Discussion With Alan MacDiarmid 
Afterwards: 


Recently, the Chinese government pulled the 
plug on biofuel. China had been subsidizing 
biofuels since 2002. In China, this meant 
producing ethanol mainly from corn, 
sorghum, cassava, sweet potato, and beet. 
Just 2 months before the change of policy, it 
had been announced that biodiesel produced 
from animal and vegetable fat would be 
introduced to Chinese gas stations. One 

of the key projects in the 10th 5-year plan 
had been to substitute unleaded gasoline 
with ethanol. Five provinces and 27 cities, 
including Heilongjiang, Jilin, and Liaoning, 
have already switched. According to the 
official Xinhua News Agency, one-fifth of all 
car fuel used in China was bioethanol. It is 
thought that biodiesel from oilseed releases 
fewer carcinogenic substances. 


Biofuels, mixed with gasoline or diesel, could 
help reduce the increasingly intolerable air 
pollution in China and reduce the country's 
dependency on oil. As recently as 5 years ago, 
China's annual corn and wheat production 


increased steadily, and turning the surplus 
into ethanol made economic sense. 


So, what caused this change in policy? 
There is simply not enough arable land 
available, and grain prices rose steeply 

over the past few months. The increase 
between October and November 2006 was 
a whopping 5%. According to the China 
National Grain and Oils Information Centre, 
corn prices per ton in the port of Dalian, 
where most of the corn for export passes 
through, had risen to 1530 Yuan (CNY) in 
November, an increase of 200 Yuan since 
October 2006. 


Continuing to produce alcohol from food 
could set prices spiraling out of control and 
lead to social instability and unrest. Therefore, 
anyone wanting to produce bioethanol now 
needs a license to do so, and acquiring one 
can be a complicated process. 


China could be setting a trend that many 
countries will follow. The EU plans to cover 
20% of all its energy needs from agricultural 
production by 2020. 


In 2004, 34 million tons of grain were turned 
into ethanol in the US alone. This figure is 
set to double to 69 million, mainly from corn 
conversion. 


Corn-importing countries such as Japan, 
Mexico, and Egypt are worried about a 
possible decrease in US exports, which make 
up 70% of the world trade. Corn is the 
staple diet of the poor in Mexico. 


A poor grain harvest worldwide in 2006 
exacerbated the problem. At 1967 million 
tons, the harvest was 73 million tons below 
the estimated consumption—the largest 
deficit for years. 
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What is the solution? Grain could be replaced 
by a second generation of energy- 
providing organic raw material—straw, 
Wood, manure, and waste material. 


Another point critics often make is the lack 
of efficiency of biofuel programs. Brazil 
seems to be the only country that gets more 
energy out of sugarcane than it puts in 
because it also ferments byproducts such as 
crushed pulp. India and China, by contrast, 
cannot produce sufficient amounts of corn or 
sugarcane for ethanol production unless they 
subsidize their agriculture to do so. This is 
not only due to small farming units and a lack 
of fertilizers, but also to climatic factors (soil 
fertility and rainfall). China and India will 
have to find their own solutions. 


Meanwhile, biotechnologists are busy 
developing energy-rich crops such as corn 
with a higher starch content. They work 
on optimizing enzymes and microorganisms 
to accelerate the ethanol production process 
and on methods that allow the use of plant 
substrates or agricultural waste, including the 
use of cellulose. 


Alan MacDiarmid (1927-2007). He was 
educated at Hutt Valley High School and 
Victoria University in New Zealand. He then 
won a Shell Scholarship, which enabled 

him to complete a second PhD Cambridge 
University. In 1955, he took a position at 
the University of Pennsylvania. He became a 
full Professor in 1964 and the distinguished 
Blanchard Professor in Chemistry from 1988. 


In 2000, he was awarded the Nobel Prize 
for Chemistry shared with physicist Alan 
Heeger (USA) and chemist Hideki Shirakawa 
(Japan) for the discovery and development 
of conductive organic polymers. Sadly, Alan, 
whose optimism was contagious, died in 
2007 at the age of 80. 
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Box 6.6 Biotech History: 
How a Bacterium Founded a 
Country 


As a young man, Chaim Weizmann (1874— 
1952) was forced to leave his Belorussian 
homeland due to anti-Semitism. He studied in 
Switzerland and Germany and then he began 
to work with the famous chemistry professor 
William Perkin (1863-1945) in Manchester 


there a way to produce acetone through 
fermentation? Weizmann remembered 
Pasteur’s findings on the fermentation of 
sugar into alcohol and began to search for 
suitable bacteria or yeasts in the soil, on corn, 
and in other grains. 


he discussed Weizmann’s wish with his 
Foreign Minister Earl Balfour (1848—1930). 
This led to the historic Balfour declaration 
on November 2, 1917 and finally to the 
foundation of the state of Israel in 1948, 
whose first president was Weizmann. 


Weizmann did more than just find an 
ingenious method of producing two 
chemicals. With him, the growth of the 


in 1904. 


Early in 1915, he came to the attention of 
the then Minister of Munitions David Lloyd 


George (1863-1945). There was a severe 
shortage of highly explosive cordite, a mix of 


The state-founding bacterium Clostridium 
acetobutylicum. 


nitroglycerin and cellulose. The acetone that 


was required for its production was particularly 
scarce, as it was distilled from wood. 


Chaim Weizmann and Albert Einstein. 


Lloyd George and Weizmann met and 
immediately took to each other. Was 


Fig. 6.25 Glycerol. 


Fig. 6.26 Diatoms provide the 
kieselguhr for the production 
of dynamite. Etching by Ernst 
Haeckel from “Art Forms in 
Nature.” 
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Within a few weeks after the encounter, 


Butanol is needed for the production of 
synthetic rubber, i.e., for strategically 
important rubber tires. 


Lloyd George was absolutely thrilled and 


offered to recommend Weizmann to the 
Prime Minister to be specially honored. 


and talked instead of the need for a 
permanent homeland for all Jews. When 


With rising crude oil prices and advances in biotechnol- 
ogy in the 1980s, the butanol biotechnological process 
became more attractive again. Its effectiveness could 
only be increased if a way could be found to solve a 
major problem—the toxicity of butanol to bacteria. 


Using immobilized microorganisms in a continuous pro- 
cess increased butanol yields by a factor of 200. 


Glycerol is a versatile solvent and lubricant (Fig. 6.25) 
that was already produced by microbes (yeast) during the 
First World War for dynamite production in Germany, 
just as Britain used bacterial acetone to make cordite. 
In order to produce dynamite, glycerol is constantly 
cooled and dripped into nitrous acid (sulfuric acid plus 
nitric acid). Small amounts burn off easily with no major 
risk involved, whereas large amounts, when suddenly 
heated or hit, explode violently. 


Alfred Nobel (1833-1896), who later created the 
Nobel Prize Foundation, stabilized nitroglycerin 
through kieselguhr absorption. Kieselguhr consists of 
natural deposits of the silica shells of diatoms (Fig. 6.26), 
which are highly absorbent due to their large pores. 


Sodium sulfite was added to ethanol-producing yeast cul- 
tures to bind an important intermediate product of eth- 
anol synthesis. Thus, glycerol was produced alongside 


Weizmann isolated C. acetobutylicum, with the 
wonderful ability to produce not only acetone, 
but also the even more valuable butanol. 


Lloyd George himself became Prime Minister, 


fermentation industry and thus modern 
biotechnology began, long before the 
production of penicillin. 


.| Lloyd George, 
British statesman, 
became Minister 
of Munitions 1915, 
Secretary of War 
and Prime Minister 
1 from 1916 to 1922. 


MUNITIONS 
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Weizmann, however, refused categorically 


Chaim Weizmann, pictured on a bank note. 


ethanol. One thousand tons of glycerol per month were 
thus produced. After the war, however, this method was 
replaced by the chemical saponification of fats or by glyc- 
erol production from propylene and propane. 


Citric acid (Fig. 6.24) is produced by the Aspergillus 
fungus. It is used as a completely innocuous flavoring, 
as a preservative, or as a cleaning agent. Seven hundred 
thousand tons are produced annually worldwide, worth 
$700 million (also see Box 4.1). 


In 1780, lactic acid (lactate, Fig. 6.24) was discovered 
in sour milk by the Swedish chemist Carl Wilhelm 
Scheele (1742-1786). Carl Wehmer (1858-1935) 
started its production from glucose by Lactobacillus 
delbrueckii in a small firm called Albert Boehringer in 
1897. The company later went on to become a world 
name in biochemistry. Lactic acid is used as an acidifier 
in the food industry as well as a canned food preserva- 
tive, in the dyeing of textiles, and in plastic production. 
In 2015, the overall annual production was approxi- 
mately 330,000 tons. The market size was $2.64 m. 


Almost half of all lactic acid produced in Europe is pro- 
duced by microbes, while in the United States, chemical 
methods are used exclusively. Isolating lactic acid from 
the culture medium remains an expensive process. 


Another bioprocess used in the early days that is cur- 
rently being rediscovered is the production of gluconic 
acid (Fig. 6.24) from glucose with Aspergillus niger. 
The fungus contains GOD that is vital for the process 
and it is also used as a biosensor to measure glucose 
content (see Chapter 10). It converts glucose into 
gluconolactone and hydrogen peroxide, metabolizing 
oxygen. Hydrogen peroxide, which is toxic to cells, 
is rapidly broken down by catalase, while gluconolac- 
tone spontaneously hydrolyzes into gluconic acid (see 
Box 2.1). 


Gluconic acid is very versatile and it is mainly used as 
a detergent additive because it binds metal ions and 
prevents calcium stains on glasses. It also gently dis- 
solves existing deposits without corroding metal vessels. 
Approximately 60,000 tons of gluconic acid are pro- 
duced annually worldwide. 


There are other acids that can also be produced bio- 
technologically, e.g., fumaric acid (salt fumarate) and 
malic acid (salt malate). Fumaric acid can be produced 
by the fungus Rhizopus nigricans from sugar or by 
Candida yeasts from alkanes (paraffins). However, 
chemical synthesis remains the cheaper alternative. For 
malate, by contrast, a highly efficient biotechnological 
process using immobilized killed microorganisms was 
developed by the Japanese company Tanabe Seiyaku 
in 1974 (see Chapter 2). As the only enzyme obtained 
from killed Escherichia coli cells, fumarase is used for 
the production of malic acid from fumaric acid. 


Is the production of industrial chemicals from re- 
newable sources financially viable? For large vol- 
umes of products with little value added, strict 
cost control is required and it mostly favors fossil 
resources. 


Many industries will not change their ways in the near 
future, and the progress of “biotechnological take- 
over" in the chemical industry very much depends on 
the oil price and the development of economically via- 
ble biotechnological processes. 


Such processes only stand a chance if they can lower 
present production costs by between 20% and 4076, 
and, after all, chemical methods and catalysts are under 
constant review, and improvements are being made. 


In the end, economic considerations determine 
whether biotechnological or chemical processes or 
a combination of both will be adopted. With suffi- 
cient interest, as well as investment and economic 
pressure, most industrial chemicals could be pro- 
duced biotechnologically from renewable resources. 
Biotechnology comes into its own with novel 
products that cannot be produced chemically, 
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Leaching liquid containing 
bacteria is pumped 
back to the dump 


and low-volume, high-value fine chemicals, such 
as amino acids. 


E 6.10 Silent Mining 


Copper, sometimes nicknamed “red gold,” has been 
mined so extensively in recent years that copper ore 
with a high copper content has become rare. It has to be 
retrieved from further below the surface, which makes 
energy and mine development costs rise. 


The answer to this problem was found in the 
Mediterranean region as early as 3000 years ago. Copper 
was obtained from mine water. It has been documented 
that the Spanish obtained copper through solution min- 
ing in the Rio Tinto. 


Until 60years ago, nobody was aware that bacte- 
ria played an active part in the extraction process, 
helping to turn poorly soluble copper sulfide into 
water-soluble copper sulfate (Fig. 6.27). Nowadays, 


Poorly-soluble copper 
sulfide is converted into 
water-soluble copper 
sulfate by Thiobacillus 


ыз. 


eL 


Precipitated using scrap iron 


Precipitation 


Fig. 6.27 Schematic diagram of 
microbial copper leaching. 


Fig. 6.28 Historic copper 
factory in the United States. 


Fig. 6.29 Copper mine with 
low-copper rocks, Kennecott 
Utah Copper. 
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Fig. 6.30 Microbial copper 
leaching: Liquid containing 
thiobacteria is sprayed over the 
ore and then collected (blue 
liquid). 


Fig. 6.31 Drop of oil with 
microbes sitting on it. 


Fig. 6.32 Xanthan extracts oil 
from pores in the rock. 


Fig. 6.33 These bacteria 
(Alcaligenes or Ralstonia 
eutropha) consist almost 
entirely of bioplastic (PHB, 
polyhydroxybutyrate). 


232 


microbes turn billions of tons of low-value copper ore 
into pure copper. In the United States, Canada, Chile, 
Australia, and South Africa, they produce one-quarter of 
the total copper production through bioleaching. More 
than 10% of gold and 3% of cobalt and nickel are 
biotechnologically produced. 


The most important microbes involved in the bioleach- 
ing of copper are the sulfur bacteria Thiobacillus ferro- 
oxidans and Thiobacillus thiooxidans. 


T. ferrooxidans, sometimes called ferros, is an acido- 
philic bacterium that oxidizes bivalent iron into triva- 
lent iron and attacks soluble sulfur as well as insoluble 
sulfides to convert them into sulfates. 7; thiooxidans, or 
thios, by contrast, only grows on elemental sulfur and 
soluble sulfur compounds. 


The two bacterial strains work closely together via two 
different mechanisms. In direct leaching, the bacteria 
obtain energy (ATP) through a transfer of electrons from 
iron or sulfur to oxygen on the cell membrane. The oxi- 
dized products are more soluble. 


In indirect leaching, the bacteria oxidize bivalent iron 
to trivalent iron, which in turn is a strong oxidant. In 
sulfuric acid solution, it oxidizes other metals into easily 
soluble forms. Again, bivalent iron is produced, which 
is rapidly oxidized by bacteria into its aggressive triva- 
lent form. In practice, there will be overlap between 
the two leaching processes. Ultimately, copper leach- 
ing results in sulfuric acid and the conversion of 
insoluble copper sulfide into readily soluble blue 
copper sulfate. 


Millions of tons of mining waste containing small, 
but valuable, amounts of copper are brought to collec- 
tion points for bacterial leaching. Such spoil piles can 
be up to 400m (1300ft) high and contain 4 billion 
tons of rock material (Fig. 6.29). The rock is sprayed 
with acidified water. While the water is seeping 
through, thiobacteria, millions of which are present 
in each gram of rock, proliferate. A metal-containing 
liquid runs off the bottom of the pile into large ba- 
sins. The copper is now easily recoverable, and the 
copper-free leaching liquid is sprayed over the waste 
heap again. 


When uranium is leached (tetravalent uranium ions), 
bacteria turn pyrite (iron disulfide) or soluble bivalent 
iron into aggressive trivalent iron, which in turn forms 
hexavalent uranium ions that are readily soluble in di- 
lute sulfuric acid. 


Biosorption is very attractive from an environmental 
point of view: reeds filter toxins from wastewater. 


Algae have been discovered that bind large amounts 
of toxic heavy metals, such as cadmium, and they 
might offer a solution for cleaning up wastewater, 
while at the same time accumulating valuable metals. 
Various types of cabbage also accumulate heavy 
metals. Concentrations 30-1000 times higher than 
in the surrounding soil have been observed. Don't eat 
these... 


B 6.11 A New Life for Tired Oil Wells? 


A helicopter lands on an oil platform, and out steps a 
biotechnologist carrying a small case. The contents of 
the case are supposed to revitalize an exhausted oil 
well: microbial cultures are pumped into the oil reser- 
voir where they multiply. Their products make the oil 
flow again. 


With current primary oil-production techniques, 
two-thirds of the oil remains in the ground. 
Secondary oil extraction methods involving frack- 
ing water and gas are used to increase the pressure 
again (Fig. 6.34). In the North Sea, many oil fields 
cannot be recovered. Even a few percent of addi- 
tional output would pay back research and devel- 
opment investments. Tertiary oil recovery is the 
buzzword, also called MEOR (microbial enhanced 
oil recovery). 


Several methods are being tried. The seemingly empty 
oil wells are inoculated with bacterial mixes that pro- 
duce gases such as carbon dioxide, hydrogen, and 
methane, and thus increase the pressure on the oil 
deposits. Other microbial strains are meant to produce 
biosurfactants that shatter oil into little droplets. 
These can then be squeezed out of minute pores in the 
rock (Fig. 6.34). 


The supply of microorganisms with oxygen and nutri- 
ents is currently still a problem, unless they can feed on 
oil components. In addition, conditions in an oil field are 
not for the faint-hearted. There is the high salt content 
of the sea, the lack of oxygen, the pressure between 200 
and 400atm, and the temperature between 90°С and 
120°C (194-248?F). Only extremophiles can sur- 
vive here! 


Oil companies are carrying out experiments with 
microbes that form and secrete long-chained bio- 
polymers such as xanthan, which is produced from 
glucose by Xanthomonas campestris, a plant patho- 
gen. Xanthan acts as a thickener, making water vis- 
cous. After soap-like biosurfactants have been pumped 
into an exhausted oil well to separate the oil from the 
rock, xanthan water is added. Like the plunger in a 
syringe, it exerts pressure on the oil and forces it out 
of the drill hole. 


Xanthan is still too expensive to speed up oil produc- 
tion effectively, but it is widely used in the food indus- 
try for the production of soft ice cream, pudding, and 
low-calorie drinks, to give them body. Although xanthan 
acts as thickener, it is not a fattener, as humans lack the 
enzymes to break it down. In other words, people who 
want to be slim feel temporarily full, but they have not 
ingested additional calories. 


Fifty years ago, xanthan was one of the first modern bio- 
tech products. Other products followed, most of which 
are easily biodegradable. 


B 6.12 Bioplastics — From Dead End to 
Merry-Go-Round 


In Japanese supermarkets, you will find vegetables and 
ready-meals wrapped in a cellophane-like foil made of 
pullulan, a new bioproduct (Fig. 6.35). It is a polysac- 
charide, consisting of glucose components, which are 
interlinked via carbon atoms 1 and 6 instead of 1 and 
4, as in starch molecules. Thus, they cannot be broken 
down by starch-degrading amylases and they cannot 
be digested by humans, i.e., they are low in cal- 
ories. Like xanthan, pullulan enhances the viscosity 
of food. 


The Japanese Hayashibara company produces pullu- 
lan from simple sugars using Pullularia pullulans, a 
fungus. The viscous pullulan syrup is then poured out 
in thin layers on flat surfaces to form a film when 
drying. These films provide excellent wrapping ma- 
terial, providing an airtight seal around the wrapped 
produce and later dissolving in hot water. These foils 
are also environmentally friendly and can be micro- 
bially degraded when wet. As a sales gimmick, they 
are now available in various flavors, e.g., fruit or 
garlic, which are supposed to retain the flavor of the 
Wrapped food. 


Other easily biodegradable products are made of poly- 
hydroxybutyrate (PHB) (Fig. 6.36), which has the 
same properties as polypropylene, used in so many 
everyday plastic products. Whereas polypropylene is a 
petroleum product, PHB is produced by the bacterium 
Alcaligenes eutrophus (Fig. 6.33) from sugar. PHB is 
bacterial energy storage material—the bacteria mainly 
consist of plastics! 


The new bioplastic material was first developed by bio- 
technologists of the British branch of ICI and produced 
by the ICI daughter company Marlborough Biopolymers 
Ltd. in Cleveland, Britain (Fig. 6.38), under the name of 
Biopol. PHB from Alcaligenes turned out to be a highly 
crystalline thermoplast with a melting point near 180°C 
(356°F). 
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Oil stuck 
in rock pores 


Extracting the oil 
using biosurfactants 


In the first test runs, molded parts, foil, and fibers 
were produced. It proved to be a good wrapping ma- 
terial, but not superior to polypropylene—a useful, but 
not particularly attractive alternative from a technical 
perspective. Things began to change when, alongside 
3-hydroxybutyrate components, 3-hyydroxypentanate 
was successfully produced by bacteria. 


When both components are polymerized into Biopol, 
the resulting polymer is significantly more elastic and 
tougher and has a melting point of 135°C (275°F). 
Biopol is also piezoelectric, i.e., when its crystals are 
deformed, shear stress causes an electric charge to ap- 
pear at the surface. The bioplastic could thus be used in 
pressure sensors. 


Its biodegradability makes Biopol a very attractive 
candidate for medicinal use. In the future, stitches 
need not be taken out any more after surgery. Biopol 
could also be used for capsules that slowly release 
long-term medication into the body. In horticulture 
and agriculture, Biopol-coated nutrients and growth 
regulators could be put in the soil and they will be 
slowly released during the microbial degradation 
process. 


More biotech products are on the horizon. The silk 
produced by the Nephila spider is so strong that it is 


Fig. 6.34 How microorganisms 
can enhance oil recovery 
(MEOR). 


Fig. 6.35 Pullulan foil for clear 
breath melts on the tongue. 


Fig. 6.36 Poly-3- 
hydroxybutyrate (PHB, only a 
section shown here). 
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Box 6.7 Put a Panda in the 
Tank—Cellulases 


The always smiling panda, the national 
symbol of China, could help to satisfy 
China’s and the world’s increasing 
appetite for energy. 


How is that possible? 


The panda is an omnivore 
feeding on an amazing 12kg of 
bamboo per day. Pandas can do this 
although, like humans, they don’t have 
an enzyme to digest the main energy 
vectors in bamboo, cellulose and 
hemicellulose. 


These are polymers that contain 
glucose as well as starch. Cellulose 
and hemicellulose, however, have 
different chemical structures and 
therefore pass our digestive tract 
unscathed, i.e., undigested. To digest 
starch, we have starch-cleaving 
enzymes (amylases) in our saliva and 
in our gut. Try and chew bread really 
thoroughly—it will taste sweet in the 
end. The enzymes helped to convert 
starch into sugar. However long 

you may chew on grass, bamboo, or 
wood—nothing will happen. 


Where could cellulases be found 
for industrial purposes? 


How do pandas do it? At the central 
lab for animal ecology at the Chinese 
Academy of Sciences in Beijing, we 
hit on an obvious idea and collected 
poo from pandas in zoos and in the 
wild. We analyzed more than 5000 
DNA sequences, comparing them to 
those taken from the excrement of 
other herbivores and found bacteria— 
seven new Clostridium species that 
degrade cellulose. It was found that 
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these bacteria secreted enzymes 
called cellulases into a medium. These 
enzymes break up the bulky cellulose 
polymers into glucose molecules 

that are then eagerly taken up by the 
Clostridia. 


How can we exploit this? 


The bioenergy sector has been rapidly 
developing, focusing on corn, soy, and 
sugar cane, thus being in competition 
with food production, which rightly 
earned it serious criticism. 


The range of usable raw materials, 
however, could be dramatically 
widened if cellulose waste could 

be converted with the help of the 
cellulase-producing Clostridia of the 
panda—grass, cereal waste, wood, 

and plant remains of any kind could 
provide biofuel. For Asia, cellulases 
from other animal excrement could 
become important. Although India 
does not have pandas, they have a vast 
number of elephants. The 60,000 
strictly vegetarian animals produce 5 
tons of excrement per head per month. 
This means 160 kg per day—quite a 
waste disposal problem! This makes 
3.6 million tons of manure per year, 
half the volume of the Cheops pyramid 
in Egypt. This could all be converted 
into biogas or alcohol using cellulases 
from elephant poo. 


Prof. Dr. Fuwen Wei has been 
researching pandas in Beijing for 

over 25 years. He is a Professor at 

the Key Lab of Animal Ecology and 
Conservation Biology at the Institute 
for Zoology at the Chinese Academy of 
Sciences. 


Fig. 6.37 Renewable 
resources that 
support sustainable 
industries. Here is 
the multibranched 
molecule of starch. 
Amylases cleave it 
into simple sugars, 
which are then 
fermented to alcohol. 


used for fishing in the South Pacific. It can stretch by 
up to a third without tearing. Attempts are now being 
made to produce these spidroins as recombinant pro- 
teins in Æ. coli or even in goats (by the US company 
Nexia, under the name of Biosteel). 


The Japanese telephone company NTT DoCoMo sends 
bills to customers in eco-friendly envelopes. The plastic 
window in the envelope began its life not in an oil well, but 
in a corn field. It consists of polylactate (polylactic acid, 
PLA). In polylactate, lactate (lactic acid salt, see Chapter 2) 
is polymerized into a chain. It is obtained from glucose by 
the microbial fermentation of corn starch (Fig. 6.30). 


In 2002, Cargill built a plant in Nebraska (USA) with the 
ability to produce 140,000 tons of PLA per year. It is sold 
under the name of NatureWorks PLA. 
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Sanyo is promoting a CD called MildDisc made from 
PLA (Fig. 6.40). 


However, its heat sensitivity and price are prohibitive. 
At 60?C, PLA becomes soft. Biodegradable teabags and 
food containers are being developed. However, at 500 
Yen ($4.00) per 1 kg of bioplastic, it is still three times 
the price of plastic produced from petroleum. This 
could change, however, if there was mass demand for 
PLA products. 


If it were possible to make all sorts of waste dissolve into 
thin air instead of polluting the environment, that would 
be a biotechnological success story, turning a one-way 
road (raw-material-product-waste) into a succes- 


sion of natural cycles (Fig. 6.41). 


Cartograms made by Mark Newman 
(University of Michigan) show the 
territory (top) and the fuel consumption 
(below) of the world's countries. 


North America and Western Europe import 
the highest values of fuel. 


The region that imports the least fuel 

is Central Africa—where 6 of the 10 
territories reported no fuel imports. Imports 
per person are highest in Singapore and 
Bahrain. These are small island territories 
Where a sufficient number of inhabitants are 
relatively rich. 


Singapore is a long-established trading port. 
Bahrain is a group of islands in the Arabian 
Gulf. Due to declining oil reserves, Bahrain's 
industry now imports crude oil, refines it, 
and then exports it. 


The Western European region records the 
highest total fuel imports, partly due to trade 
within this region. Territory size shows 

the proportion of worldwide fuel imports 
arriving there. 


Fig. 6.38 Biopol is a 
biodegradable material. 


Fig. 6.39 Biodegradable 
products in Japan: Self- 
degrading biowaste bag, plate 
and fork, envelopes, and a 
polyacetate (PLA) backpack. 
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Fig. 6.40 A biodegradable 

corn CD. 

Good to know: 

1 PETE: Polyethylene 
Terephthalate. 

2 HDPE: High-Density 
Polyethylene. 

3 V: Vinyl/Polyvinyl Chloride 
(PVO. 

4 LDPE: Low-Density 
Polyethylene. 

5 PP: Polypropylene. 

6 PS: Polystyrene. 

7 other: other mixed polymers 


Fig. 6.41 Noah’ s Ark. 


Goethe and Recycling 


My dream dog will not bite. 

Nor growl or snarl at you. 

It thrives on broken glass. 

And leaves diamonds in its p.... 
J.W. Goethe in Tame Xenia, vol. 8 


Box 6.8 The Expert's View: 
Can Biomass Help Us to 
Overcome Energy Shortages? 


Biomass fuels in the shape of firewood and 
coal have always provided us with energy. 
In more recent times, the focus has mainly 
been on the production of liquid fuels, 
on which our daily life now very much 
depends, especially in transport. There is 
also high energy demand for heat and 
power generation as well as for industry. 
Recently, the alternative energy sources 
that have made great impact are solar and 
wind energy. Since the rapid increase in the 
production of biofuels in the first decade 

of 2000, their use has been scrutinized 
aking into account “Life Cycle Analysis" 
(LCA). LCA includes all inputs and outputs 
in the overall production using the primary 
producers, i.e., photosynthetic products 
plants and algae) as the basis for biofuel 
production. One of the recommended LCA 
ools is the GREET tool administered by 

he Argonne National Laboratory (GREET 
Website). It is also important to take into 
account the intrinsic biological limitations 
in the production of biofuels (Rokem and 
Greenblatt, 2015). 


The main problems concerning liquid 
fuels from biological sources are: 


e The large volumes consumed and the 
steady, ever-rising demand for energy, as 
living standards ascend in many emerging 
economies such as China, India, Brazil, 
etc. 


e The competition with the relatively 
low-priced fossil fuels. In the beginning 
of 2021, the price of crude oil per barrel 
was approximately $50. The average 
crude oil price for 2020 was around 
$40 down from $64 in 2019. Current 
oil production costs at source are 
estimated to be below $10 US per 
barrel, depending on in which country 
the oil is extracted. (Before the first oil 
crisis in 1973, production costs were just 
$0.85 per barrel.) 


* Using biofuels, sustainable solutions are 
needed to avoid competition for land use 
for food production and at the same time 
not contribute to global warming or lead 
to detrimental changes of land use. 


In 2018, the proportion of biofuels in the 
transport sector worldwide had increased 
to 7.7%, compared to 2.7% in 2010. The 
pandemic in 2020 has also influenced 
the biofuel market with less energy 
demand and no significant increase in 
the biofuel production volume. 


Biofuels have traditionally been divided into 
"three generations" based on substrate 
source and products manufactured. Recently, 
a fourth generation has been added where 
solar energy and carbon capture technologies 
using CO; either from air or flue gases with 
engineered algae are being developed. To 

be sustainable, we need to look at the 
complete processes and include the 
effects on environment, economy, and 
society. Sustainability should be the yardstick 
for decisions on which technologies to 
support on a large industrial scale. 


The boost to the production of biofuels 

has mainly been through legislation and 
regulation stipulating that a proportion 

of overall energy consumption must come 
from renewable sources. Subsidies are 
given to approach the goals that have been 
set. The 2018 EU Renewable Energy 
Directive (RED) relies mainly on solar 

and wind energy and it includes bioenergy 
(biofuels) for 2030 to be 3.576 of the total 
energy consumption. The investment in 
and use of solar and wind energy has seen a 
steep increase in the past decade, becoming 
cost-competitive due to novel technologies 
allowing for effective production systems. 
Transport biofuel production is not 
increasing as planned to reach the set goal 
for 2030: 976 of the total global transport 
fuel demand (2018 it was 3%). For aviation, 
use of liquid fuels is mandatory; biofuel 
production for this sector was less than 
0.0176 in 2018 of the total aviation fuel 
demand. Very significant developments 

are required to follow and implement the 
sustainable development scenarios proposed 
by the International Energy Agency (IEA) for 
2030 (made before the pandemic). Careful 
monitoring of the sustainability of scaling 
up biofuel production and consumption is 
crucial for unambiguous social, economic, 
and environmental benefits. Currently, the 
consumption of biofuels is via blending at 
low percentages with fossil fuels, whereas 
there is a need to use them unblended 
(drop-in fuels) to lower the dependence on 
fossil fuels. The two main biofuels to date are 
Biodiesel and Bioethanol. 


First generation biofuels from food 
crops — Biodiesel and Bioethanol 


The biofuels of the first generation are made 
from food crops (sugar cane, corn, sugar beet, 
grains and lipid-rich plants such as oil palm, 
Soybean, rapeseed, and sunflower) grown in 
large quantities and for which there is usage 
competition. The decision as to what biofuel 
should be produced and what crop should 

be planted as raw material depends on local 
conditions such as climate, regulations, and 
available subsidies. Production volumes for 


both biofuels had an exponential increase in the 
first decade of the 2000$ (see Figs. 1 and 2). 


For ethanol, there was a 10-fold increase in 


recycled fat. The most frequently used fats 
are vegetable oils, which are easy to handle 
and do not exude unpleasant smells (unlike 
animal fats). In the United States, biodiesel is 


USA, in the volume produced from 2000 to mainly produced from soybeans, whereas 
2010, whereas in Brazil, ethanol production as in Europe, canola oil is the most frequently 
fuel became a national project in 1975, and the used vegetable oil. In tropical countries, 
increase was 2.2-fold in the same decade. After palm oil, and coconut oil are used and— 
2010, the increase has come to a halt (Fig. 1). more recently—oil from jatropha, another 
sustainable nonfood crop. Jatropha curcas 
Biodiesel is produced from fats (triglycerides) seeds contain 27—40% of oil not fit for human 
derived from different sources, mainly consumption and jatropha is considered 
vegetable oils but also from animal or particularly suited for biodiesel production. 


Global ethanol production 
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Fig.1 Actual and predicted global ethanol production. Reproduced with kind permission from OECD/ 
FAO (2020) OECD-FAO Agricultural Outlook 2020-2029, FAO, Rome/OECD Publishing, Paris. https://doi. 
0rg/10.1787/1112C23b-en. 
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Fig. 2 Actual and predicted global biodiesel production. Reproduced with kind permission from OECD/ 
FAO (2020) OECD-FAO Agricultural Outlook 2020-2029, FAO, Rome/OECD Publishing, Paris. https://doi. 
org/10.1787/1112C23b-en. 
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The fatty acid methyl esters produced 
are linear-chain fatty acids, which 
distinguishes them from diesel obtained 
from fossil fuels that have branched 
chains. This affects the physicochemical 
properties of biodiesel: greater viscosity and 
more sensitivity to low temperatures, higher 
cloud point, a higher oxygen proportion, 
lower stability, and lower energy density than 
diesel fuel produced from petroleum. 


The most common method of producing 
biodiesel is transesterification of 
triglycerides using an alcohol in the 
presence of an alkaline catalyst. This yields 
methyl or ethyl esters from fatty acids and 
glycerol. The 10% crude glycerol produced 
needs to be washed before the methyl/ 
ethyl esters can be blended with fossil diesel 
as it contains impurities that need to be 
removed. This is an expensive process that 
decreases the sustainability of the biodiesel. 
Another obstacle in biodiesel production is 
the high water content of the raw material 
because water inhibits the reaction and favors 
saponification. Novel routes to simplify and 
make biodiesel more sustainable have been 
undertaken (Estevez, 2019) (Fig. 2). 


As biodiesel has combustion properties similar 
to fossil diesel, it is suitable for normal diesel 
engines. Biodiesel production in the 
United States in January 2020 was 164,000 
barrels per day (compared to a worldwide 
production of 95 million barrels per day for 
oil including crude oil, shale oil, oil sands, 
and natural gas liquid (NGL)). At the same 
time, ethanol production in the United 

States was 1.1 million barrels per day. The 
largest biodiesel producer worldwide is the 
EU, which produced 14,000 million liters 

in 2019. In 2019, biodiesel accounted for 
approximately 7576 of biofuels in Europe. The 
remaining 25% was bioethanol. 


The focus currently lies on tapping new 
sources in order to become less dependent 

on the cultivation of certain crops. A large 
variety of microorganisms with a high lipid 
content—up to 75%—have been found, such 
as algae, bacteria, filamentous fungi, and 
yeasts; but not all of them are suitable for 
commercial biodiesel production. Due to their 
low productivity and the need for purification, 
they have been deemed too costly to use. 


Bioethanol is largely produced through 
fermentation. Most commonly used are 
low-cost carbohydrates from sugar cane, corn, 
or grains. The carbohydrate source selected 
as primary material depends on climatic and 
geographic conditions: In Brazil, sucrose from 
sugar cane is used as the carbon source for 
fermentation. In the United States, cornstarch 
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converted by amylases into glucose is the 
main substrate. Using ethanol as fuel has 
some drawbacks: such as its corrosive effect 
on the engine (engines in modern cars are 
now ethanol-tolerant) and the lower energy 
content per unit volume compared to normal 
gasoline, resulting in a lower mileage per 
volume of fuel. 


To make ethanol production more 
economically efficient, there is a lot of 
current research with new organisms 

and substrates that could be used. Some 
bacterial species, such as Zymomonas 
mobilis, look very promising. Their ethanol 
productivity (gL- ! h^!) surpasses that of 
yeasts three- to fivefold. The ethanol yield 
with this bacterium would be 07% of what 
is theoretically possible. However, this 
bacterium can only use glucose, fructose, 
or sucrose as a substrate. Further research 
is going on into widening the range of 
possible substrates including the simultaneous 
utilization of hexose/pentose originating from 
lignocellulose. 


First-generation biofuels are under scrutiny 
due to the competition “food vs fuel” 

as Well as changes in the overall carbon 
balance due to land-use changes. Most of the 
production is being subsidized, except for 
certain years when the sugar cane harvest in 
Brazil is favorable. 


The great promise to allow for the sustainable 
production of biofuels is the use of nonfood 
parts of plants, the lignocellulose. 


Second-Generation Biofuels 


Second-generation biofuels use 
lignocellulose as a substrate. 
Lignocellulose is the structural part (cell 
wall) of all plants and other photosynthetic 
organisms (algae). There are three polymers 
making up lignocellulose, i.e., cellulose, 
hemicellulose, and lignin. These polymers 
are entangled with each other giving the 
strength to the plant to grow to varying 
heights (plant-dependent). Cellulose is 

a glucose polymer, which is the main 
carbon source utilized for ethanol production 
using lignocellulose. Hemicellulose is a 
5-carbon sugar polymer, consisting of 
mainly xylose and arabinose, and it is 
more awkward to utilize to produce ethanol. 
Lignin is a polyaromatic polymer that can 
be burnt to produce energy for the distillation 
that follows the fermentation to increase the 
ethanol concentration to allow for its use as 
biofuel. Lignocellulose can be obtained 
from the nonedible parts of food plants, 
various kinds of organic waste such as wood 
pellets, sawdust, or household waste, or 
using dedicated growth of energy crops 
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(switch grass, poplar, etc.). Feedstocks have 
generally low mass and energy density and 
they are usually spread out, a disadvantage for 
the economics of the processes. 


To date, second-generation biofuels are 
not a competitive alternative because 

of the lignocellulose structure leading to 
recalcitrance of the raw material. The 
structure of lignocellulose needs to be 
“loosened” to allow enzymes to hydrolyze 
the cellulose. This results in a necessary 
pretreatment, before hydrolysis and 
fermentation can be done, and not 

all components of the raw material can 

be utilized for fermentation. There are 
technological solutions to the breakdown 
and hydrolysis of lignocellulose ranging 
from physical, chemical, physiochemical, 
and biological. None of them, yet, 

are economically viable. Diluted acid 
pretreatment seems to be the best alternative 
for separating the three polymers, resulting 
in hydrolysis of the hemicellulose. This is 
followed by use of cellulases, enzymes that 
degrade the cellulose polymer to glucose. 
There are only a few organisms with these 
enzymes and they are all slow in hydrolysis 
resulting in a bottleneck for the whole 
process. Protein engineering has as yet not 
solved the “enzyme problem”; their activities 
are sluggish with low productivities. The 
enzymes are expensive and their cost is 
estimated to be between 30% and 50% of 
the whole process. Even after more than 

50 years of research and investment of 
millions of dollars, as far as is known, there 

is no economically viable process available 
the use of lignocellulose as a substrate 
biofuel production on an industrial scale. 
Today, most large-scale factories, which were 
built in the past decade, are either idle or on 
hold. The logistics of continuous supply of 
raw material is another challenge that has 
not yet been solved. The initial promises and 
mandates for lignocellulosic biofuels have 
not been substantiated, even though from a 
sustainability perspective, their production 
results in less greenhouse gas emissions 

and they are less problematic compared to 
first-generation biofuels, due to their minor 
contribution to the carbon balance with 
limited land-use change (Liu et al., 2019). 
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Third-Generation Biofuels 


Third-generation biofuels are still at the 
stage of research and development, the 
objective being improved sustainability 
and a substantial reduction in GHG 
emissions. 


These biofuels include, among others, 
higher alcohols (butanol and branched- 
chained alcohols with higher octane 


numbers, such as 2-methyl-2-butanol 
or 2-phenylethanol), hydrocarbons, and 
algae as lipid sources. Many of these fuels 
are “drop-in fuels" that need no particular 
preparation or modification of the existing 
infrastructure. 


Microorganisms were isolated that 
synthesize hydrocarbons equal in quality 
to gasoline obtained in the distillation 
of crude oil. These microorganisms are, 

in theory, ideal as producers of liquid fuel. 
It is possible to determine the exact chain 
length of the hydrocarbons produced 

by the microorganisms through genetic 
engineering. Differences in density between 
the product and water make the separation 
and recovery of the hydrocarbons relatively 
easy. The economics of these processes 
using hydrocarbon-producing bacteria 
are, however, not competitive with 

the current price ranges of fossil fuels. 
Several start-ups developing the processes 
have gone out of business. 


Macroalgae, microalgae, and blue-green 
algae (cyanobacteria) are considered 

to be ideal candidates for the production 

of biofuels. In some algal species, such as 
Botryococcus braunii, Dunaliella tertiolecta, 
and Pleurochrysis, a high lipid content is 
obtained. Using these organisms would offer 
several obvious advantages. These include 
the use of the sun as source of energy, 
the use of carbon from СО», as well as the 
use of water of various quality standards 
and avoiding competition for land use. 
itrogen-limited growth of the algae results 
in higher lipid concentration, but with a 
ower growth rate having a great impact on 
productivity. Even with preferred organisms, 
he lipid content is less than 5076 of the cell 
mass. 


Another constraint, very often overlooked, 
is the limited cell concentration that 

can be obtained with photosynthetic 
organisms, where each cell requires light 
energy to grow. At low cell concentrations, 
approximately 1 gL~' dry weight in ponds 
and 10 ИШ" with photobioreactors for 

algal growth, the shade from the cells 
already grown will inhibit further growth. 
The separation of the cells from the 

water, especially for microalgae where 
centrifugation is necessary, has a large 
impact on the economics. Research is 
ongoing in both improving the efficiency 
of photosynthesis as well as in finding 
cheaper methods to separate the cells 
from the liquid in which they were 
grown. Several start-ups that raised and 
Spent millions of dollars in the development 
of algae as biofuels have gone out of business. 


Waste from agriculture, industry, and 
households is another unconventional 
source of raw material. However, agricultural 
waste is predominantly lignocellulose; so, 
the same reservations apply as to the use 

of lignocellulose for energy generation 
purposes. Industrial waste comes in many 
forms, and it is composition-dependent on 
what measures are needed to convert it into 
energy and be a realistic option. Mixed 
solid household waste is already being 
used in controlled combustion for energy 
generation, while organic components 
are composted or anaerobically digested 
to produce biogas. 


Further technological and biological 
solutions must be sought in order to make 
better use of this abundant resource that 
does not compete for different usages. 
This would also lighten the environmental 
burden of waste that cannot be profitably 
disposed of. It was therefore suggested 
that solid waste from human settlements 
Should be tapped as a renewable energy 
Source, with whatever technology that could 
convert it into energy. 


Fourth-Generation Biofuels 


There is no consensus on what should 

be fourth-generation biofuels. Genetic 
modification of algae to make them more 
effective is considered as one of the fourth- 
generation biofuels, still in the research 
stage. The capture of СО» and mixing it 
with hydrogen to make synthesis gas 

is another option. Hydrogen technology 
is becoming an interesting option based on 
wind or solar energy to electrolyze water. 
The burning of hydrogen produces H5O as a 
waste product and it thereby avoids adding 
more carbon to the atmosphere (Acar and 
Dincer, 2020). 


Making biofuels competitive and sustainable 
as an alternative energy source is not yet 
competitive. The introduction of LCA has 
made several alternatives questionable, 
with the supply of a cheap substrate that 
does not involve a negative carbon budget, 
due to land-use change, a key issue. Trees 
(lignocellulose) have lately been scrutinized 
as an energy source, even though they 
assimilate CO2; the time for growth is not 
realistic as a carbon sink, when CO2-driven 
climate change is already here. 


Petroleum prices are inherently 
unstable. The main criterion for use 
of biofuels is as an economically 
competitive and sustainable fuel. 
The possible future biofuel may 

be a combination from different 
“generations” (Alizadeh et al., 2020). 
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8 Self-Test Questions 


T. 


Why is it necessary to pump extra oxygen into 
biological sewage plants? 


What does а ВОР; of 900 mg/L found in a 
Wastewater sample mean? How many liters of 
clean water would be needed to treat just 1 L of the 
Wastewater? 


Where can biogas be produced and used very 
effectively? 


What was the US patent granted to Ananda 
Chakrabarty for? What did he achieve in 
his experiments, and why was his patent a 
breakthrough? 


Why is timber such a popular building material? 
Against what must it be protected? 


What are the pros and cons of biofuel? 


Which organism is the largest producer on Earth of 
the greenhouse gas methane? 


What biodegradable product from sustainable sources 
is currently the most promising in the textile and 
disposable plastic industry? 


( 
| boughta great © ? 
biodegradable 


EVEN IF I KNEW THE WORLD WOULD END TOMORROW, 
I WOULD STILL PLANT AN APPLE TREE TODAY. 
Allegedly By Martin Luther 


SO LET US PLANT AN APPLE TREE TODAY. 
THETIME HAS COME. 
Hoimar von Ditfurth (1921-1989) 


Martin Luther (1483-1546). 
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Fig. 7.1 Aztecs fishing for 
Spirulina. 


Fig. 7.2 Brown algae kelp 
(Macrocystis). 


Fig. 7.3 Spirulina farm in India. 


Fig. 7.4 Spirulina tablets. 
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ш 7.1 Microbes Are Edible 


Approximately 5—10 kg (10-20 pounds) of plant protein 
are needed to produce 1 kg of animal protein. A massive 
amount of protein is lost in this process, in addition to 
the huge losses resulting from pests, harvesting, trans- 
port, and storage. Microorganisms could help effectively 
in the production of medicinal products and wine and 
cheese—microbes themselves are edible! They con- 
tain valuable proteins, fats, sugars, and vitamins. 


After the conquest of Mexico in 1521, the Spaniard 
Bernal Diaz del Castillon (1492—1581) described 
how the Aztecs ate peculiar, small, cheese-like cakes. 
These cakes consisted of microscopic algae from the 
seas around Mexico and were called Techuilatl by the 
Aztecs. This was actually Spirulina. Spirulina is not a 
true alga but a cyanobacterium (“blue bacterium"). 


In Montezuma's Empire (1466—1520), servants had 
to provide the ruler with fresh fish daily; this was only 
possible only by jogging over very great distances, so leg- 
end has it that the servants used Spirulina as an energy 
food. Even in the time of conqueror Hernándo Cortés 
(1485-1547), it was supposedly available in the local 
markets and was eaten with bread and cornmeal prod- 
ucts. Fishermen used fine nets to scoop up Spirulina 
from the saltwater lakes (Fig. 7.1) that had not yet dried 
out in those days. Today, Spirulina is probably only to be 
found in Lake Texcoco in Mexico. The other lakes, 
including the swimming gardens of the Aztecs, are in- 
fertile deserts today. 


Thousands of kilometers away, the natives on Lake 
Chad in Africa (Nigeria) have also been consuming 
Spirulina since primeval times. The thin, hard, blue- 
green algae cakes can be bought at local markets on Lake 
Chad. The people of Kanembu call this product Dihé, 
and it is an important ingredient in 70% of all dishes. It is 
added to sauces made from tomatoes, chili peppers, and 
various spices, which are eaten together with the basic 
diet of millet. Spirulina cakes are produced by drying in 
the sun. The swimming algae are first scooped out of 
the water in protected areas of the lake. They are then 
drained and spread out on the hot sand where they dry 
quickly. 


In Western countries and in Japan, Spirulina from algae 
farms is eaten as part of a diet to reduce cholesterol 
and cleanse the blood (Fig. 7.4). One hundred grams 
of Spirulina contain approximately 70 g of protein, 20g 
of sugar, 2g of fiber, and just 2g of fat, as well as im- 
portant vitamins (A, By, B2, Be, Ву, E) and mineral 
salts. 


B 7.2 Algae and Cyanobacteria 


With the exception of prokaryotic Spirulina, algae are 
photosynthetic eukaryotes (Box 7.1). 


Macroalgae are economically more significant than mi- 
croalgae: green (chlorophytes), red (rhodophytes), and 
brown macroalgae (fucophytes or phaeophytes) are used 
at present. 


Brown algae such as the jungle-like Californian kelp 
beloved by divers (Macrocystis) (Fig. 7.2) have been 
harvested since 1900. The gelatin-like alginate has 
been produced from it since 1921 in San Diego, where 
there are huge seaweed forests. Alginate is used to- 
day as a thickener and stabilizer in foodstuffs and ice 
cream, in the textile industry, and as an encapsulator 
for medicinal products (and for enzymes and yeasts, 
Chapter 2). 


Other algal products are the jelly-forming agar (previ- 
ously called agaragar, important for the cultivation of 
microbes and gel electrophoresis, see Chapter 10) and 
carrageenan. 


The flavorenhancing amino acid glutamate was 
first found in algae in Japan (see Chapter 4). Other 
brown algae such as Undaria (Jap. wakame) and 
Laminaria (Jap. Котби) grow on the coasts of Japan 
and China and are used for salads, soups, and noo- 
dles, or with meat (Figs. 7.14 and 7.15). The annual 
market value of both algae is 600 million US dollars, 
and 20,000 metric tons of Wakame alone are har- 
vested annually. 


The red alga Porphyra (Jap. nori) has been cultivated in 
Japan since the Middle Ages. These days, it is collected 
in huge quantities in bamboo clumps or horizontal nets 
on ocean farms and later air-dried. 


The most important microalgae come from two differ- 
ent classifications: the already mentioned prokaryotic 
blue bacteria and the eukaryotic green algae. 


The prokaryotic cyanobacteria (blue bacteria] were 
previously known as blue algae and they include eco- 
nomically significant varieties of the genus Spirulina 
(Figs. 7.3 and 7.4). 


The water fern Azolla is cultivated in Asia and it con- 
tains the symbiotic blue bacterium Anabaena azollae 
(Fig. 7.5), also known as symbiotic filaments, which 
supply the fern with nitrogen. 


Box 7.1 Photosynthesis 


Almost all free enthalpy used by biological 
systems comes from the energy of the 
sun. А huge quantity approximately 

4x 10 kJ or 10'° metric tons per year 

of energy is turned into sugar. The sun's 
energy is changed by photosynthesis into 
chemical energy. 


Water and carbon dioxide combine in a 
highly complex process to form carbohydrates 
(first glucose, then sucrose and starch) and 
molecular oxygen. 


In the chloroplasts of green plants, pigment 
molecules (chlorophyll) produce high-energy 
electrons from captured light energy in the 
thylakoid membrane. They are used in light 
reactions to create NADPH* H* and ATP (see 
Chapter 1). 


The photosynthesis of green plants is carried 
out by means of two photosystems joined 
together. It may be understood in simplified 
form as follows: 


In photosystem II, P680 (a pair of 
chlorophyll molecules) is excited by 

light, which leads to an electron transfer 
via several pigmented molecules to 
plastoquinone A and finally to plastoquinone B. 
These energy-rich electrons are then 
replaced by low-energy electrons drawn 
from water molecules, i.e., the oxygen- 
developing center takes an electron from 
water, transfers it to a tyrosine group, and 
returns it to the chlorophyll, which is then 
able to take up another photon. 


One molecule of oxygen is produced for 
every four transferred electrons. The electrons 
run from the plastoquinone via a cytochrome 
bf complex to the plastocyanin, and from 
there to photosystem I. 


Photosystem I (PS I) shown here is a trimer 
complex which “swims” in the membrane. 
Each of the three subunits has hundreds 

of cofactors (green chlorophyll, orange 
carotenoid). The colors are significant: 
chlorophyll absorbs blue and red light— 
which is why we see plants in a wonderful 
green color. 


Photosystem I (PS I) contains electron 
transfer chains as a center for the three 
subunits. Each is surrounded by a thick ring 
of chlorophyll and carotenoid molecules, 
which act as “antennae.” These antennae 
absorb light and transfer energy to their 
neighbors. Everything is then transferred into 


Ribulose 1,5- 
bisphosphate 


Ө 
Ө I 
3-Phosphoglycerate 


| 
To 
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he three reaction centers, which generate 
electrons (a reducing agent). 


To sum up, the light reaction in the thylakoid 
membranes of the chloroplasts leads first 

of all to a reducing agent (to create 
NADPH + Н"), secondly to the formation of 
a proton (Н+) gradient (a slope between 
the two sides of the thylakoid membrane 

so that ATP is created), and thirdly to the 
production of oxygen. 


Another step is CO; fixation. The enzyme 
ribulose-1,5-bisphosphate carboxylase/ 
oxygenase (RUBISCO for short) is a lyase 
(see Chapter 2) and it forms a bridge 
between life and nonlife. 
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Photosynthetic 
= reaction 


collecting 
complex 


Above right: structure of 
photosystems | and II 

Left: process of CO, fixation 
by means of RUBISCO. 


It binds the inorganic CO; with ribulose-1,5- 
bisphosphate, a short-chain sugar with five 
carbon atoms. 


From this, RUBISCO forms two 
3-phosphoglycerates (with three carbon 
atoms in each case). Most phosphoglycerate 
molecules are recycled in order to form even 
more ribulose biphosphate, but every sixth 
molecule is used to form sucrose or starch (as 
a storage material). 


Sixteen percent of chloroplast protein is 
RUBISCO, and given the enormous quantity 
of plants, RUBISCO is obviously the most 
common protein on Earth. 
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Box 7.2 Biotech History: 
Single Cell Protein (SCP) 


In the 1960s, a lavish program was launched in 
the Soviet Union under Nikita Khrushchev 
(1894—1971) to search in the best alkane 
feeders; this was inspired, on the one hand, by 
success in space but plagued, on the other, by 
constant crop failures. The idea was to produce 
valuable protein from cheap crude oil. 


At the same time, Soviet researchers were 
searching for ways to break down cellulose 
in the Siberian forests into sugar and 

then to “seed” this with yeast to produce 
protein. The first trial facilities began working 
in 1963. Yeast strains of the genus Candida 
were grown on precleaned crude oil samples 
seeded with “ravenous” alkanes. At the 

start of yeast production from crude oil 
alkanes, doctors and veterinary surgeons had 
reservations because the alkanes were difficult 
for humans and animals to digest, and the 
alkane yeast protein could be problematic for 
higher life forms or even cause cancer. 


In fact, many years of Russian experiments 
showed that yeast protein can probably be 
safely included in the human food chain. In 
the West, however, this was met with great 
skepticism, which was probably justified. 

The first large alkane yeast factory was 

set up in the Soviet Union in 1973 with 

the production of 70,000 metric tons of 
yeast per year. Another facility was in the 
Petrochemical Combine at Schwedt in the 
former GDR (German Democratic Republic, 
or East Germany), the end point of the Soviet 
crude oil line Drushba (Friendship). It began 
continuous operation at the start of 1986. 
With deep jet reactors, it supplied 40,000 
metric tons annually of the yeast animal feed 
product Fermosin. The bioreactors were 
without doubt a master performance by East 
German engineers and biotechnologists. After 
the reunification of Germany, however, the 
Fermosin process was stopped. 


Alkane yeast bioreactor (42m high) in Schwedt 
in the time of the GDR. 


However, all Single Cell Protein projects 
also failed in the West. In Sardinia in 1971, 
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British Petroleum (BP) participated in the 
manufacture of Toprina, a yeast product 
grown on crude oil residues by the Italian 
company ANIC. Supposedly, the project failed 
as a result of the crude oil crisis, the soy 
lobby, the reduction in soy prices, discussions 
on the safety of Toprina with its high nucleic 
acid content, which causes gout, and 
environmental considerations. 


The gigantic ICI factory in Billingham; natural 
bioreactors in the foreground. 


At the same time, there was research into 

the exploitation of methanol in Western 
Europe. Biotechnologists from the British 
Imperial Chemical Industries (ICI) 

made a discovery on a rugby field in County 
Durham in Great Britain. They discovered 
the bacterium Methylophilus methylotrophus 
(Fig. 7.6). 


Approximately 10,000 microorganisms 
were tested over 13 years in the search for 
a microorganism that could grow quickly on 
petrochemical raw materials and supply a 
protein concentrate for pets. The result was 
Pruteen. 


At first, ICI had concentrated on methane as 
the source of carbon because the company 
had access to abundant North Sea gas. It 
seemed an elegant path from the simplest 
organic molecule to the complicated protein. 
Arguments against methane, however, 

were the danger of explosion of the gas as 
well as its low solubility and the problem 

of distributing it evenly in the medium. 
Methanol—oxidized (i.e., containing 
oxygen) methane—on the other hand, could 
more easily satisfy the oxygen requirements 
of the microbes, is totally water soluble, and 
Would not lead to the development of high 
heat in the bioreactor. 


The ICI researchers also decided in favor of 
the Methylophilus strain (the Latin means 
methanol-loving) because it was stable and 
free from toxic side effects. The decision to 
grow a pure culture of the bacterium in a 
continuous process still had a drawback in 
that the process had to be carried out under 
exceptionally sterile conditions. 


In contrast to this, the Soviet alkane yeast 
process was nonsterile, i.e., the yeast strain 
itself suppressed all competitors—which is 
the case with most biotechnological processes 
in food production. 


The British company, John Brown 
Engineers and Constructors, built the 
gigantic ICI factory at Billingham for the 
largest sterile bioprocess in the world. 
The biofactory covered an area of 8ha (20 
acres). 


The bioreactor, its centerpiece, was 60m (65 
yards) high (with eight draft-tube fermenters) 
and contained 150,000 L (34,000 gal) of 
perfectly germ-free nutrient solution, in 
which lived the methanol bacteria. It was 
kept free of foreign microbes for 3-4 months 
at a time using a cleverly devised system of 
20,000 valves and filters. At 35°С (95°Е), 
Methylophilus lives only on methanol, 
ammonia, and oxygen from the air. Microbes 
were continuously removed from the 
bioreactor, killed with steam, gathered 
together in large clumps and dried, producing 
the granular, caramel-colored product 
Pruteen. Everything seemed to be going 
perfectly. 


One of the ICI bioreactors. 


When the factory started in 1976, however, 
the company was confronted with increasing 
energy prices and an outstanding soy 
harvest; so, it was no longer economical 
to produce single-cell protein. Methylophilus 
was therefore improved using both genetic 
engineering and methods of standard 
genetics. The gene encoding for the enzyme 
glutamate dehydrogenase (for more 
effective use of nitrogen from ammonia) was 
successfully introduced, and the protein yield 
was improved by 7%. The ICI factory was 
working, but demand remained lower than 
expectations. 


Nevertheless, ICI regarded the 100 million 
pounds sterling invested by 1982 as an 
“entry ticket to biotechnology.” And this 
did lead to the significant flow of experience 
into mass production of the fungal protein 
Quorn (see main text Section 7.4). 
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Fig. 7.5 Algae and cyanobacteria. 


Like that of other bacteria, the Spirulina cell wall con- 
sists of mucoproteins and it is therefore easily broken 
down by human digestive enzymes, an advantage 
in its use for dietary purposes. Spirulina is a thread- 
like, corkscrew-shaped organism that may consist of 
150-300 individual cells and it can reach a length of 
up to half a millimeter. The freshwater cyanobacterium 
Nostoc, which forms jelly-like colonies popularly called 
“fallen star,” ^witches' butter,” or “star jelly" (Fig. 7.5), 
is also a blue bacterium. 


The eukaryotic green algae (Chlorophyceae) in- 
clude species from the genera Chlorella, the four- 
tailed Scenedesmus, the whip-like Dunaliella, and 
Chlamydomonas (Fig. 7.5), and the algal colony 
Volvox, which consists of up to 20,000 cells. Volvox is 
highly organized with differentiated cells and it is an im- 
portant alga in sewage and plankton in lakes and oceans. 


Nostoc 


Volvox 


Anabaena 


Spirulina 


The cells of Chlorella and Scenedesmus are surrounded 
by a firm cellulosic wall with sporopollenin deposits (the 
substance in the walls of the pollen grains of higher plants). 
The cell walls, impregnated with this substance, are chem- 
ically difficult to attack; so, the approximately 10-um-large 
cells must be broken down before further use in foodstuffs. 


Algae such as Chlorella are cultivated these days at a cost 
of approximately 8 dollars per kg (4 dollars per pound) 
and are sold at about 10 times that price, predominantly 
as a diet food. The raw protein of these algae is about 50% 
of the total mass (compared to 35% for soya beans), and 
they are rich in unsaturated fatty acids and vitamins. 


On the other hand, Dunaniella species are single-celled, 
flexible flagellates that do not have firm cell walls. Their 
most striking property is an extraordinary tolerance 
of salt. 
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Fig. 7.6 The bacterium 
Methylophilus methylotrophus 
produces high-quality protein 
from methanol. 
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Fig. 7.7 Mycoprotein before 
processing. Left “beef,” right 
“chicken.” 


Fig. 7.8 First trial meals with 
“refined” mycoprotein. 


ATKINS ? 


Quorn: 


Fig. 7.9 Quorn products made 
of Fusarium: meatballs and 
Sausages without meat. 


Fig. 7.10 Right: how plants can 
be reproduced in vitro. 
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These halophilic algae occur in massive quantities in 
drying ponds of brine. Because of their enormous f- 
carotene content, they color alkaline solutions deep 
red (Fig. 7.16). To compensate for the external osmotic 
value, they accumulate considerable amounts of gly- 
cerol, which is industrially extracted like the carotene. 


Algae double their weight in just 6h, while grasses 
need 2 weeks to do this; chicks need 4 weeks, pig- 
lets 6 weeks, and calves 2 months. 


There are, therefore, algae farms in many countries. 
Large, flat pools of water are needed for these, so that 
the algae can get sufficient sunlight (Figs. 7.3 and 7.16), 
which is essential for forming sugars from carbon diox- 
ide, water, and nutrient salts and then protein from the 
sugars. Light and air cost nothing, and just a few cheap 
nutrient salts are needed to get the algae to grow luxu- 
riantly. Per acre of surface, Spirulina produces 10 times 
more biomass and has a much higher protein content 
than wheat. At harvest, the algae are strained and air- 
dried, then mixed with flavoring agents and sold. 


Why are there no huge algae farms in areas of fam- 
ine? Unfortunately, even the simplest technology is lacking 
in these areas, and in many regions, water is also scarce and 
expensive. The crucial factor is that even under favorable 
production conditions, algal proteins cost 10 US dollars per 
kg and soya protein only 20 cents per kg. Nevertheless, 
experts are convinced that algae have a great future. 


Bacteria, yeast, and filamentous fungi (molds) grow 
even faster than algae. Bacteria double their weight 
within 20 min to 2h and can consist of 70% pro- 
tein. On average, yeasts can form protein per weight- 
unit 100,000 times faster than a cow. А cow only passes 
back to us in the form of meat one-eleventh of the plant 
feed it uses. Ten-elevenths of the feed that produced the 
beef is therefore lost to the human diet. 


Even that can be turned into an advantage: bacteria, 
yeasts, and molds are different in that almost the total 
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quantity of foodstuff is changed into usable protein, sug- 
ars, and fats for humans and animals. It makes sense to 
make use of this efficiency. 


B 7.3 Single-Cell Protein: The Hope for 
Cheap Sources of Protein 


The modern story of protein production by microbes 
began in Imperial Germany during the First World War 
with the breeding of yeasts. Because of the shortage 
of food, bakers' yeast was cultured on a large scale to 
"stretch" mainly sausages and soups. Yeasts have the 
great advantage of feeding on cheap, otherwise unus- 
able sugary solutions and are able to change the sugar 
directly into valuable protein. During the 900-day 
siege of Leningrad (today St. Petersburg) during the 
Second World War, it was yeasts that kept thousands 
of people from starving to death, and shortly after the 
war, yeast flakes stayed the hunger of many people. 


It was not until the 1960s, when human demand for 
protein was increasing, that new facilities were set up 
in Europe to produce protein using microbes (Box 7.2). 
Famines were forecast for the future, and it had re- 
cently been discovered that certain microorganisms 
could feed not only on sugary feeding broths but also 
on the hydrocarbon-containing components of crude 
oil, alkanes (paraffins), and methanol. The wax-like 
alkanes cannot be digested by humans or animals, and 
only microbes can change them into valuable protein. 


In Eastern Europe, on the assumption that cheap crude 
oil would be continuously available, efforts concentrated 
on alkane-digesting yeasts (Candida), whereas in the 
West, led by the British company ICI (see Box 7.2 and 
Fig. 7.6), the emphasis was on yeasts and bacteria 
that feed on methanol. 


Great hopes had been pinned on both large-scale 
projects; but, in the end, they were unsuccessful. The 
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Box 7.3 The Expert's View: 
Marine Biotechnology 


The oceans are an ancient ecosystem where 
ife, in the form of bacteria, originated 
about 4 billion years ago. Marine organisms 
provide us with a valuable gene pool 

hat is beginning to be tapped. To ensure 

a healthy and stable marine food web, 
pollution must be controlled, threatened 
and endangered species must be protected 
and perhaps organisms cultured that are 

in high commercial demand), and the link 
between the ocean's primary producers 

i.e., plankton) and other organisms must be 
understood. 


The oceans offer a wealth of untapped 
resources for research and the development 
of products (including medical products). 
The vast majority of marine organisms 

have not been identified (the majority of 
which are microorganisms), and little is 
known about many of the organisms already 
identified. 


Marine organisms are of great interest to 
scientists and industry for two important reasons: 


e They represent a major proportion 
of the Earth's organisms. Mos 
major groups of organisms on Earth are 
either mostly or completely marine. 
There is much genetic and metabolic 
information to be obtained from these 
organisms. 


* Marine organisms have unique 
metabolic pathways and other 
adaptive functions, such as sensory 
and defense mechanisms, reproductive 
systems, and physiological processes, 
that allow them to live in extreme 
environments, from cold Arctic seas to 
very hot hydrothermal vents to pressures 
at great depths. 


Aquaculture 


Aquaculture has been practiced throughout 
the world for thousands of years. Ancient 
aquaculture, which was primarily freshwater, 
began in the Far East. 


Chinese aquaculture dates back probably 

at least 3,000 years. The earliest known 
record, in 473 BC, reports monoculture of the 
common carp. 


Didemnin B, a cyclic peptide, is produced by the 
Caribbean tunicate Trididemnum solidum. 


As methods were refined, polyculture was 
practiced, combining species with different 
food preferences: ponds contained varieties of 
finfish, shellfish, or crustaceans. 


Today, high-density aquaculture is practiced 
in many countries. In the Philippines, e.g., 

the giant tiger prawn, Penaeus monodon, is 
cultured in ponds at densities of 100,000— 
300,000 prawns per hectare. Significant 
advances have been made in the culturing of 
oysters, clams, abalone, scallops, brine shrimp, 
blue crab, and a variety of finfish. 


Traditional aquaculture encompasses low- 
input technologies to propagate, harvest, 
and market fish, algae, crustaceans, and 
mollusks. 


Unfortunately, aquaculture ponds have the 
potential of destroying delicate habitats 
through pollution by wastes or by 
decimating, e.g., mangroves to make room for 
shrimp ponds. Biotechnology may be able to 
help solve some of the problems created by 
intensive aquaculture practices. 
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Marine and freshwater biotechnologies 

are used today to increase the yield and 
quality of finfish, crustaceans, algae, and 
various bivalves such as clams and oysters. 


Recently, transgenic organisms with desired 
characteristics have been generated for future 
commercial production. 


Modern Japanese mariculture is more 
productive than freshwater aquaculture and it has 
recently accounted for more than 92% of Japan’s 
total aquaculture yield. The major food products 
have been the Japanese oyster, Crassostrea 

gigas, and a red alga called nori seaweed. Other 
products include the yellowtail jack and red sea 
bream fish, as well as a scallop and two types of 
brown algae (wakame and kombu). 


The high worldwide demand for clams, oysters, 
mussels, abalone, crabs, shrimp, and lobsters 
favors the development of efficient culturing 
methods to increase their production. A 
variety of methods exists, from rearing them in 
tanks to using floating platforms and substrates 
for the growth of organisms. 


Genetic manipulation in cultures 
promotes faster growth and maturation, 
increased disease resistance, and 
triploidy. 


Normal diploid oysters spawn in the 
summer and lose their flavor because they 
form a massive amount of reproductive tissue. 
Instead of the two sets of chromosomes that 
diploids have, triploid Pacific oysters have 
three (two from the female and one from 

the male). Triploid oysters are obtained in 
culture by treating eggs with cytochalasin B. 
This inhibitor of normal cell division doubles 
the number of chromosomes so that when 
the eggs are fertilized with normal sperm, 
zygotes have three sets of chromosomes. 
Because triploid oysters are sterile and do 
not form reproductive organs, they are 
more flavorful and meatier year round. 
They also grow larger and faster than diploid 
oysters and they can be harvested sooner. 
Triploid oysters represent a significant portion 
of the total oyster production in the United 
States (making up almost 50% of the Pacific 
Northwest oyster hatcheries). Concerns about 
the safety of using cytochalasin B may soon 
lead to the production of triploid oysters by 
mating tetraploids (which have four sets of 
chromosomes) and normal diploid oysters. 
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Bivalves such as oysters and gastropods 
such as abalone (which has a 
commercial value of $20—30 per pound) 
are cultured by the manipulation of the 
reproductive cycle. Hydrogen peroxide 
added to the seawater induces synthesis 
of prostaglandin, a type of hormone that 
triggers spawning. Larvae are then induced 
to settle by the addition of the amino acid 
y-aminobutyric acid (GABA), an important 
neurotransmitter in animals. Larvae 
exposed to GABA settle onto the substrate 
and begin developmental metamorphosis 
and cellular differentiation. 


Growth-accelerating genes are being 
identified and cloned for the eventual 
production of compounds from these 

genes, which are important in the efficient, 
controlled culturing of abalone and other 
shellfish. Productivity is also being increased 
by crossing specific genetic lines to increase, 
e.g., the growth rate of oysters (by up to 
40%). The use of recombinant fish growth 
hormone may also produce faster growing 
shellfish. 


Medical applications 


For the past 100 years, much energy 

has been devoted to screening the 

world’s organisms for useful chemicals. 
Approximately 20,000 chemicals have been 
characterized, and many of these come 
from marine organisms such as bacteria, 
algae, sponges, corals, jellyfish, bryozoans, 
mollusks, tunicates, and echinoderms. 
Most of the new natural products identified 
each year have come from terrestrial 
organisms: annual sales of pharmaceuticals 
from plants exceed $10 billion in the United 
States. However, plants were virtually 
untapped until recently; so, natural products 
from marine organisms may hold similar 
promise. 


Indeed, marine organisms have been 

shown to be an excellent source of new 
compounds that exhibit a variety of biological 
activities. 


Most of these compounds came, in 
descending order of abundance, from 
sponges, ascidians, algae, mollusks, and soft 
and gorgonian corals. Sponges have recently 
become a primary object of investigation 
because of their wide range of biosynthetic 
capabilities. Metabolites from echinoderms 
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(such as starfish and sea stars) also have been 
isolated for natural products. 


A variety of compounds isolated from marine 
organisms show promise as anticancer 
drugs. Didemnin B, a cyclic peptide from a 
Caribbean tunicate (Trididemnum solidum), 
was shown experimentally to be an effective 
immunosuppressive agent. It is approximately 
1,000 times more effective than the standard 
cyclosporin A. Further study may prove it 
useful in repressing rejections of transplanted 
organs. 


Dolastatin 10, a linear peptide, produced by the 
Sea Hare Dolabella auriculata. 


The Romans knew of the toxic effects of 
crude extracts from sea hares (a type of 
mollusk) containing dolastatins and by the 
year 150 were using such extracts in the 
treatment of various diseases. However, not 
until the 1970s were dolastatins known to 
be effective against lymphocytic leukemia 
and melanoma. Different structural forms of 
dolastatins that show antitumor properties 
have since been isolated. 


Dolastatin 10 is a linear peptide from the 

sea hare Dolabella auricularia, found in 

the Indian Ocean. This compound is the 
most active of the isolates and it is a potent 
antimitotic (inhibitor of cell division) because 
it inhibits the polymerization of tubulins 

into microtubules, which are involved in 

cell division. This compound is undergoing 


clinical trials and is being compared with 
other antitubulin polymerization drugs, 
such as vinblastine, which is isolated from 
the Madagascar periwinkle ( Catharanthus 
roseus). 


Many marine organisms—including 
cyanobacteria, green, brown, and red 
algae, sponges, dinoflagellates, jellyfish, 
and sea anemones—produce secondary 
metabolites with antibiotic properties. 
One promising class of broad-spectrum 
antibiotics, squalamine, has recently 
been isolated from the stomach of the 
dogfish (Squalus acanthias); it has activity 
against a wide variety of bacteria, fungi, 
and protozoa. Unfortunately, antibiotic 
isolation and characterization has not 
been extensive, and few compounds from 
marine organisms are being studied, most 
likely because of the costs of identifying 
and testing commercially important 
antibiotics. 


Toxins are thought to be produced by 
marine organisms for a variety of purposes, 
including predation, defense from predators 
and pathogenic organisms, and signal 
transduction in the autonomic and central 
nervous system. Many of these marine 
natural products are extremely toxic; their 
effects can range from dermatitis to paralysis, 
kidney failure, convulsions, and hemolysis. 
Livestock and humans have become ill and 
died when specific toxin-producing algae 

or cyanobacteria have contaminated water. 
Dinoflagellates produce saxitoxins that are 50 
imes more toxic than curare. When bivalves 
hat have incorporated saxitoxins are ingested 
by humans, paralytic shellfish poisoning can 
ead to severe illness or death. Dinoflagellates 
also produce the potent ciguatoxin. When 
small grazing fish that have ingested 
dinoflagellates while feeding on algae are then 
eaten by larger fish, ciguatoxin is transferred 
and it can poison humans who consume the 
fish. 


Marine toxins are being studied for their 
antitumor, anticancer, and antiviral activities, 
and tumor promoting, antiinflammatory, 
analgesic, and muscle relaxant properties. 


The sea is a chamber filled with as yet- 
not-explored treasures. One of the highest 
priorities of mankind is, therefore, to protect 
this precious ecosystem. 


Susan R. Barnum is a Professor in the 
Department of Botany at Miami University, 
Oxford. She wrote an introductory 
biotechnology book. Her research involves 
the molecular evolution of nitrogen- 
fixation genes and the evolution and 
excision of DNA elements found within 
nitrogen-fixation genes of some types of 
cyanobactería. A new initiative involves 
identifying molecular processes in heterocyst 
(the microaerobic, terminally differentiated 
cell where nitrogen fixation occurs in 
some types of filamentous cyanobacteria) 
development and spacing. 
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alkane yeasts were only released in limited 
quantities as animal feed because of the fear of 
cancer-causing residues. 


The projects in both East and West eventually 
failed, however, on economic grounds as a 
result of two oil crises. In the West, another 
cause for the failure of the methanol animal 
feed was EU subsidies, which made skimmed 
milk powder unbelievably inexpensive as an 
animal feed additive. 


However, biotechnologists collected inestima- 
ble experience in building and operating huge 
bioreactors. 


ш 7.4 Mycoprotein Is a Success 
With Consumers as a Plant Protein 


By contrast, mycoprotein (Greek mykes, fun- 
gus/mushroom), developed by Rank Hovis 
McDougall (RHM) from Marlow Foods, a subsid- 
iary of ICI and meanwhile owned by the Monde 
Nissin Corporation, became a very successful 
product. The company is the fourth largest food- 
stuffs producer in Western Europe. It discovered 
the microorganism in the 1960s and it spent 
over 50 million dollars on developing the fun- 
gus, which can be transformed into passable im- 
itations of fish, poultry, and meat (Figs. 7.7-7.9). 


RHM researchers had collected more than 
3,000 soil samples from all over the 
world, but, as is so often the case, the prime 
candidate was close by. Fusarium gramin- 
earum (now known as Fusarium venena- 
tum, Fig. 7.17) was found near Marlow in 
Buckinghamshire, England. The name had 
previously only been familiar to plant pathol- 
ogists, as the fungus caused root rot in wheat. 


At that time, RHM produced 15% of the 
range of edible British mushrooms. Because 
of their unfortunate experience of psycholog- 
ical consumer prejudice against protein from 
bacteria, RHM stressed from the beginning 
that Fusarium was a fungus, like the 
mushrooms and truffles that we eat with- 
out thinking twice about it. 


Apart from the fact that Fusarium is virtually 
odorless and tasteless, and ideal for meat im- 
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itation, its dry weight contains approximately 
50% protein, a composition similar to grilled 
steak. However, the fungus has a lower fat 
content than steak, only 13%, and this is veg- 
etable fat, with no cholesterol (ergosterin) and 
a fiber content of 25%—all of which appealed 
increasingly to the health-conscious public. 


The main advantage of producing fungi com- 
pared to bacterial cells is that they are typically 
much larger and are easily separated from the 


Fig. 7.11 The sea is full of unexploited aquaculture 
resources. 


Fig. 7.12 Aquaculture in Clear Water Bay in Hong 
Kong. 


Fig. 7.13 Aquaculture products in a restaurant in 
Hong Kong. 
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Fig. 7.14 Dried macroalgae 
form a cheap basis for making 
soup in China and Japan. 


Fig. 7.15 Macroalgae have 
always been a staple food in 
Japan. 


Fig. 7.16 The alga Dunaliella 
is cultivated in farms (top: in 
Western Australia); bottom: 
carotenoids accumulate in the 
cells shown on the right. 


Fig. 7.17 Fusarium venenatum 
produces Quorn. 
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fermentation medium. On the other hand, fungi grow 
much more slowly than bacteria, doubling their quan- 
tity in 4-6h compared to 20min for bacteria. 


Even that can be turned into an advantage: slower 
growth also means that less nucleic acid is con- 
tained in the end product. Taken in by mammals 
and humans over a long period in high concentra- 
tions, nucleic acid can lead to gout. Meat eaters live 
dangerously. 


While some bacteria contain up to 25% nucleic acid 
and yeasts up to 15%, RHM succeeded in lowering 
the content in the new mycoprotein food to below 
the acceptable top limit for humans of 1%. The fungus 
also has an amino acid composition recommended by 
the UN Food and Agricultural Organization (FAO) as 
“ideal.” 


Probably the most extraordinary property of the fungus 
is the manner in which it can be converted into a full 
range of imitation food products, from soups and 
sponge cake to convincing imitations of poultry, ham, or 
even veal (Figs. 7.7—7.9). 


The key to this adaptability is that the length of the 
fibers can be controlled; the longer the fungus is al- 
lowed to grow in the bioreactor, the longer the fibers 
and the coarser the texture of the product. 


The medium consists of glucose syrup as the source of 
carbon with ammonia as the source of nitrogen. The 
syrup can be extracted from any available starch prod- 
ucts (such as potatoes, corn, or cassava), and the process 
is much more efficient than the conversion of starch into 
protein by domestic animals. 


ICI and RHM cooperated in the production of the fun- 
gus, and the mycoprotein was released in Great Britain 
by MAFF (Ministry of Agriculture, Fisheries, and Food) 
in 1985, the first product being a savory pie. 


Marlow Foods was set up in Marlow in the 1990s, 
and while sales of the fungus protein is sold in England 
Quorn. The sales of Quorn were still less than 3 million 
US dollars per year before 1993; by 2001, they have 
reached $150 million thanks to strong advertising. Since 
its launch in United States in 2002, Quorn products 
have become a best-selling, frozen, meat-free brand in 
natural food stores. In 2004, total Quorn sales were 
£79 million (representing 100% of the sales of Marlow 
Foods). They reached £220 million in 2019. The tar- 
get groups are interesting: women from age 25 to 65 
in the United States and from age 25 to 45 in Great 
Britain. According to the latest study, the worldwide 
market for mycoprotein products was pegged at around 
US$ 200 million in 2018 and it is projected to have a 


compounded annual growth rate of over 12% during the 
forecast period of 2019-2027. 


The older generation is somewhat conservative, in spite 
of the fact that the company does not speak directly of 
microbes but of “vegetable protein.” 


The British company Premier Foods bought Quorn for 
£172 million in 2005 and it sold it for £205 million in 
2011. In 2015, it was sold to Monde Nissin Corporation 
for £550 million ($831 m). 


Almost any country could, in principle, convert its car- 
bohydrate reserves into fungus protein. In Europe, 
cereals and potatoes could be used, and in tropical 
countries, cassava, rice, or raw sugar. Many tropical 
countries traditionally use fungi as foodstuffs, such as 
tempeh, a mixture of soya beans and mushrooms (see 
Chapter 1). This would mean there would be less psy- 
chological reservations to overcome against food from a 
bioreactor. 


B 7.5 “Green” Biotechnology 
at the Doorstep 


Weeding, watering, fertilizing, composting, and bat- 
tling attacks of insects and fungi in as harmless a man- 
ner as possible are just leisure activities for the hobby 
gardener; but, for farmers, these processes are real 
economic factors, which they would like to minimize 
drastically. 


Will the Earth be able to feed us all in the fu- 
ture? In 1950, half as many people lived in Africa as in 
Europe, but these days there are twice as many. Today, 
we need to feed well over 7 billion people around the 
world, and soon we will be dealing with 8 billion. These 
days, the Chinese eat four times more meat than they 
did 20 years ago: 32 kg (16 pounds) per person. The US 
American Worldwatch Institute predicts that, in 2030, 
China will have to import 200 million metric tons of 
grain, the same total amount as is available on the world 
market today. 


There have been even further increases in world hun- 
ger; although it is macabre that, according to Time 
Magazine, the numbers of those undernourished 
and those overfed were equal for the first time 
in 2004. In many prosperous countries, obesity has 
now become an indicator of poverty. Globally, we 
consumed 346 million tons of meat in 2018. In 2030, 
this number is estimated to reach 453 million—a 4476 
increase. 


None of this is the fault of the farmers! The plant- 
breeding revolution of the 1960s and 1970s has 
changed the world economy significantly. 


Box 7.4 Biotech History: 
Pomatoes and Biolipstick 


A pipe dream: Pomatoes 
experimentally “created” by the 
author in just 10 minutes! 


The real pomato (center) created at 
the Max Planck Institute for Plant 
Breeding Research in Cologne. Left: 
tomato; right: wild potato. 


Protoplast fusion is a possible biotechnical 
means of changing plant cells. "Naked" 
protoplasted cells are fused together by 
means of chemicals such as polyethylene 
glycol or by electrical impulses. Crosses 
between taxonomically distantly related 
varieties (somatic hybrids) had already proved 
successful; but, it was not possible to cross 
them by natural means. 


The first object was the pomato, a cross 
between the potato and the tomato: tomatoes 
should have grown on the top part of the 
plant and potato tubers on the underground 
runners. Georg Melchers (1906-1997) 

at the Max Planck Institute for Biology in 
Tübingen carried out the first successful 
experiment in 1977. However, the pomato 
did not form either real potatoes or real 
tomatoes. The possible cause could have been 


hat cell division in such *unnatural" hybrids 
was abnormal. A real pomato was developed 
at the Max Planck Institute for Plant Breeding 
Research in Cologne in 1994 by Inca 
Lewen-Dórr and the company Green Tec. 
The plants were "vigorous." Apart from the 
act that the flowers of the pomato were 
yellow, the plants were otherwise similar to 
he potato phenotype. Of course, the flowers 
of the potato are not normally yellow. 


Somatic hybridization is perfectly suitable 
for breeding purposes and it is also used 

in practice for Citrus fruits or chicory. It is 
always the method of choice when complex, 
polygenetically determined characteristics 
such as frost tolerance (already done with 
potatoes) or flower color are to be transferred 
from a wild form into a cultivated form. 


It is highly probable that the various 
characteristic components of the potato or 
the tomato cause them to be inedible when 
they are mingled. Although both potatoes 
and tomatoes belong to the same Solanaceae 
family, there are still great problems. 


Shikonin 


А convincing lipstick without chemistry, with 
purely biological colorants already familiar to 
Traditional Chinese Medicine—for modern 
women—a high-tech Japanese product! 


The biolipstick was a big hit on the cosmetics 
market. Within a few days, 2 million items 
were sold in Japan in 1985, in spite of the 
hefty price of 3,500 yen (30 USD). 


The advertisement for it skillfully used 

the antipathy of the Japanese to chemical 
products and their awareness of tradition and 
pride in their high technology performance. 


The red colorant in the lipstick is a 

truly biological product. Shikonin (a 
naphthoquinone compound), a drug used 
in Traditional Chinese Medicine for centuries, 
used to be laboriously derived from the 
roots of the shikonin plant (Lithospermum 
erythrorhizon). It took 3—7 years before the 
plant had collected a maximum of 276 of the 
active substance in its roots. In traditional 
medicine, shikonin is used against bacterial 
disease and inflammation. The Japanese 
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imported 10 metric tons of shikonin raw 
material annually from China and South 
Korea for approximately $4,500 dollars per 
kg. For such an expensive product, it was 
worth trying to get the shikonin producing 
plant cells to grow in a nutrient solution. 
The Tokyo company Mitsui Petrochemical 
Industries Ltd. was very successful with 
this. 


The Kanebo biolipstick, a short-term sales 
hit. 


The manager of the cosmetics company 
Kanebo then had a brilliant sales idea. He 
suggested the splendid color was eminently 
suitable for lipsticks and powder, especially 
rouge. 


The gimmick was that the colorant is not 
just biologically created, but it also protects 
against bacteria and it has antiinflammatory 
properties! 


Lithospermum cells are today grown on 

an industrial scale in a 200-L bioreactor with 

a growth medium, and then transferred to a 
smaller reactor with a medium that promotes 
shikonin production. These cells are used 

to inoculate a 750-L bioreactor where the 
shikonin is produced. The root cells in the 
bioreactor create 23% shikonin in only 23 days. 


Compare this once again with what Nature 
can do: only 2% in 3—7 years! Approximately 
5 kg of pure shikonin are produced in each 
complete bioreactor run. Initially, Mitsui 
produced approximately 65 kg shikonin per 
year, out of a Japanese requirement of 150 kg. 


Cell aggregate of L. erythrorhizon from 
cultures in Mo medium, colored red by its 
shikonin content. 
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Donor plant 


Fig. 7.18 In vitro 
propagation of roses. 


Fig. 7.19 Roses: from the wild 
rose to modern varieties. 
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Meristem Segmentation 


It was not so much the very sophisticated new fertiliz- 
ers and pesticides that led to progress; it was rather the 
new, high-performance types of important economically 
useful plants such as rice and wheat. 


The increase in productivity came at great cost, how- 
ever, as highly cultivated new varieties need constant 
use of fertilizers and pesticides. 


Nevertheless, plant breeders now have a set of new 
tools, which are more powerful than ever before, awak- 
ening new hope for overcoming the problem of feeding 
the world. 


Biotechnology promises plant breeders the introduc- 
tion of foreign genes into plants with the aim of im- 
proving their quality, e.g., achieving higher protein, 
vitamin, and energy content, developing resistance 
to pests, diseases, and frosts, and becoming resistant 
to dry or salt-laden ground and to herbicides used 
to control weeds. They also create the possibility of 
producing drugs, cosmetics, and food additives using 
gene-manipulated (transgenic) plant cultures and/or 
laboratory cultures independently of farming (Figs. 7.10 
and 7.18). 


B 7.6 Fields in a Test Tube: 
In Vitro Plant Breeding 


Roses are the preferred subject for breeders, from simple 
forms to those that appear artificial. The history of rose 
breeding was rather a late starter, although the cultiva- 
tion of roses was known among the Medes and Persians 
before our time in the 12th century. 


It was Rosa gallica that was cultivated at the time, 
which makes it the first and oldest garden rose in the 
world (Fig. 7.19). 


Only with the theoretical background of knowledge 
about genetics and its possible applications could roses 


Microdivision 


be bred as required. The first breeding by artificial pol- 
lination was carried out by the Frenchman Jacques- 
Louis Descemet (1761—1839). 


Nowadays, 500,000 new plants can be created in just 
1 year from a single mother plant without grafting. 


Plant breeding in the test tube (in vitro reproduction) 
allows the breeder to reproduce new worthwhile va- 
rieties quickly (Fig. 7.18), and specific properties such 
as resistance to disease and herbicides can be selected 
during cell culture. 


If a hybrid plant is involved (a cross between different 
varieties or breeds), sexual reproduction via seeds must 
be avoided, as the offspring will separate in accordance 
with Mendel's hereditary principles (Mendel's Law). 
Until now, the only alternative has been vegetative 
propagation, using such familiar and traditional pro- 
cesses as rooting strawberry runners or taking cuttings. 
However, not all plants lend themselves so easily to veg- 
etative propagation. 


Micropropagation is much faster and more effec- 
tive than propagation by taking cuttings or using 
runners; but, how is it possible that a whole plant 
may be regenerated from individual cells? АП plant 
cells are totipotent, especially cells from roots and 
shoots. Each cell contains the full chromosome set, 
i.e., all the genetic information necessary for the de- 
velopment of a complete individual plant from one 
cell. Depending on the function taken on by the in- 
dividual cells and the cell group during development 
and in the finished organism, only a specific part of 
the genetic information is reproduced, and the re- 
maining part is not used. 


In contrast to animal cells, some cells of many dicoty- 
ledonous plants can be dedifferentiated. Their bio- 
logical development clocks can, therefore, be reset 
to the beginning and then set in motion again under 


Change of medium Rooting 


Planting 
out in pots 


Cytokines Auxins 


100,000 to 200,000 specimens 


certain conditions, at which time the cells run through 
their development programs from the beginning again, 
as dictated by their genes. 


For successful regeneration of a plant from a single 
cell, it is necessary to add growth hormones (phy- 
tohormones) to the culture substrate. These control 
growth and differentiation of plant cells and include 
auxins to regulate root growth and make sure that 
only the uppermost bud of a plant is produced, and 
cytokines to induce the growth of shoots and inhibit 
root growth. The ratio of cytokines to auxins is crucial 
(Fig. 7.18). 


One hundred thousand new, little plants can be raised in 
a square meter of the laboratory (Fig. 7.20). It is, there- 
fore, possible to propagate particularly lucrative plants, 
and all the plantlets will come from cells from one single 
super-plant. These offspring from a single plant are called 
clones—from the Greek klon, which means much the 
same as shoot or branch. 


All clones, like identical twins, have the same hereditary 
characteristics. We will come back to transgenic animal 
clones later in Chapter 8. 


Meristem and haploid cultures are differentiated from 
the cell type of the original material, and callus or 
suspension cultures are differentiated by the type of 
cultivation. 


B 7.7 Meristem Culture 


The most important modern method of plant cloning is 
meristem culture, using the actively dividing tissue 
(meristems) of plants (shoots, roots, or axillary buds) 
(Fig. 7.23). 


Meristems are actively dividing tissues found at different 
sites on the plant. The most important meristems are 


Greenhouse 


shoot apical meristems, which are hidden deep in the 
shoots. They are isolated and separated and the removed 
plant material is placed in a solid or liquid culture me- 
dium. Once it has grown, it can be divided again, and 
with the addition of appropriate plant hormones, one 
or more plants can be regenerated from each of these 
pieces. 


These days, thousands of types of plants are prop- 
agated in this way. It started with rare orchids, lilies 
(Figs. 7.20 and 7.21), chrysanthemums, and carnations, 
and ended with such economically significant plants as 
potatoes, corn, cassava, grape vines, bananas, sugar- 
cane, and soy beans. 


The highly lucrative oil palms (Fig. 7.22) in 
Malaysia have been propagated by cell culture since 
the 1960s. They not only produce 30% more palm 
oil than normal palms, but they are also decidedly 
smaller, making harvesting easier; although the exces- 
sive palm monoculture is a threat to the last tropical 
forests of Asia. 


Standard vegetative propagation of strawberries using 
runners normally produces a maximum of 10 plants 
from runners. On the other hand, modern meristem cul- 
ture could produce up to 500,000 plants, in theory, per 
year from one mother plant. 


There is another crucial advantage: even if the origi- 
nal plant has been affected by a virus, vegetative off- 
spring can be produced that are virus-free. Only 
virus-free plant parts are selected for propagation. The 
meristem tissue divides rapidly and seems to “outgrow” 
the spread of the virus. It, therefore, usually contains 
fewer viruses. 


Sometimes, however, plant viruses are welcome. The 
Abutilon mosaic virus creates interesting leaves on this 
houseplant (Fig. 7.24) and beautifully flamed tulips are 
caused by the Poty virus. 


The meristems are cut, cultivated, and rooted (Fig. 7.23). 
The whole cycle is repeated until virus-free meristems 
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Plants in bloom 
with their own roots 


Fig. 7.20 The majority of our 
ornamental plants have come 
from micropropagation. 


Fig. 7.21 Even orchids are mass 
propagated in vitro. 


Fig. 7.22 The oil palm supplies 
palm oil, which contains 
saturated fatty acids. 


Huge monoculture plantations 
of palms in Asia were grown in 
cell culture and “improved.” 
They were planted at the cost of 
tropical jungle regions and they 
are the subject of heavy criticism. 
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Callus culture for 
product synthesis 


Fig. 7.23 Meristem culture (left) and anther/ovary culture (right). 


Fig. 7.24 An example of desired 
virus attack: an Abutilon leaf with 
characteristic mosaic pattern. 
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are found, and then these are used to produce virus-free 
plants. However, these are not immune to new virus 
attacks if they are then planted out in the natural world. 
In the meantime, meristem culture has revolutionized 
horticulture, and the estimated market is several billions 
of US dollars. 


B 7.8 Haploid Cultures: 
Anthers and Ovaries 


Anthers (Fig. 7.23) consist of a few male germ cells that 
are haploid, i.e., each cell nucleus contains only one set 
of chromosomes. 


If young anthers are taken from the flowers under sterile 
conditions and placed on a culture medium (agar), they 
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grow into complete, sterile, haploid plants after the 
addition of hormone supplements (Fig. 7.23). 


These plants are coveted in breeding, because you 
can save time in easily getting from them homozy- 
gous diploid lines by experimental doubling of their 
chromosome set with the aid of the “mitosis poison,” 
colchicine. 


Recessive mutations are not covered by the second chro- 
mosome available in diploids and they are immediately 
visible, which is advantageous to the breeder. 


In flowering plants, an ovary is a part of the female re- 
productive organ of the flower. 


Specifically, it is the part of the carpel, which holds the 
ovule(s), and it is located above or below or at the point 


of connection with the base of the petals and sepals. 
Whole haploid plants can also be produced from ova- 
ries (Fig. 7.23) as well as anther cultures. Haploid 
cultures are used in the breeding of tobacco, rapeseed, 
potatoes, barley, and medicinal plants. 


ш 7.9 Callus and Suspension Cultures 


Wound tissue growing in an unorganized manner is 
described in plants as a callus. It arises in plants from 
the cut surface where plant material has been removed. 
Calluses can either be bred on agar as surface cultures 
and then grown on as undifferentiated cell clumps, or 
phytohormones can be added to get complete plants 
again (Fig. 7.26). 


Protoplasts offer a special opportunity for plant 
propagation; these are cells from which the cell 
walls have been removed (Fig. 7.27). Strips are cut 
from broad leaves and placed in a solution of en- 
zymes that break down cell walls (e.g., pectinase 
and cellulase). The resulting "naked" cells, the 
protoplasts, are transferred to a culture medium 
where they regenerate their cell walls. The recon- 
stituted walled cells allow the development of small 
calluses resulting from continual division, and the 
addition of hormones induces small shoots in the 
calluses, which can be rooted with other hormones. 
Thousands of complete new plants can be created 
in this manner from a single leaf using protoplast 
culture (Fig. 7.29). 


As isolated protoplasts lack cell walls, they are relatively 
easily fused together by cell fusion (chemically) or by 
electric fields (electrofusion) (as with hybridoma cells 
using polyethylene glycol, Chapter 5). 


The fusion cells are then grown to form somatic hybrid 
plants. This somatic hybridization led to tomato 
potato hybrids (Box 7.4) in 1977, which were 
unfortunately inedible. Even if the tomato +potato 
hybrid had been successful, it would have been difficult 
to supply two nutrient stores, both tubers and fruits, at 
the same time. 


B 7.10 Plant Cells in a Bioreactor Produce 
Active Substances 


To produce plant material in a reactor, you do not need 
differentiated plant parts. A "cell clump" or callus is suf- 
ficient to synthesize the plant components. 


If you can isolate tissue fragments from a plant, you can 
grow an unlimited amount of plants on fully chemically 


defined nutrient media. A plant part is first sterilized, 
and then some of it is taken from the inside and culti- 
vated on a culture medium hardened with gelatin-like 
agar. The culture medium must contain inorganic nutri- 
ent salts and sugar as a source of energy, as well as some 
vitamins and hormones. If the correct composition for 
a particular cell culture has been found, a callus forms 
and this callus tissue can now be transferred into a liquid 
nutrient medium. 


If the culture is shaken to provide the cells with suf- 
ficient СО», the plant cells continue to reproduce 
(Fig. 7.26). 


Such cells can also be cultivated in large bioreactors 
with several cubic meters of contents. The substances 
available in the plant accumulate under suitable cultiva- 
tion conditions and they can then be isolated, while all 
the cell material can be freeze-dried, e.g., and extracted 
using a suitable solvent. Not every plant, however, pro- 
duces its highly complex contents "voluntarily" in cell 
culture. 


Lutz Heide's group at the University of Tübingen 
used two ubiquinone biosynthetic genes of Е. coli, 
as well as plant metabolism genes (encoding HMG 
CoA reductase), to transform the shikonin plant 
Lithospermum erythrorhizon (Box 7.4). In cell cultures 
of Lithospermum, certain biosynthetic steps are specifi- 
cally influenced by the expression of this enzyme in the 
biotechnological production of shikonin, a medicinal 
product and colorant. 


Shikonin has become famous (Box 7.4) because of the 
biolipstick it was used in, and there are other plant 
products from the bioreactor, e.g., paclitaxel, an excel- 
lent antitumor agent (see Box 9.3). 


Even primitive humans, hunters, and nomads used me- 
dicinal herbs, such as willow bark (Salix) containing 
salicylic acid (Fig. 7.31), which reduces fever, or plants 
that speed up wound healing. Even today in the age of 
synthetic medicinal products, plant products are indis- 
pensable to medical treatment. 


At the top of the list are steroids (produced from di- 
osgenin in the roots of yams, Chapter 4), codeine 
(sedative and cough medicine), atropine (to enlarge 
the pupils in eye examinations and in poisoning), 
reserpine (to reduce blood pressure), digoxin, and 
digitoxin (heart pills) from the foxglove (Digitalis, 
Fig. 7.30), and quinine (malaria drug and aromatic 
substance). 


The disadvantages of traditional extraction pro- 
cesses are limited availability, variations in quality, 
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Fig. 7.25 The genome of the 
symbol of Hong Kong, the 
Bauhinia orchid tree, has now 
been sequenced. It is a hybrid 
plant and it is multiplied only 
by shots. 


Fig. 7.26 Tobacco in callus 
culture. 


Fig. 7.27 Protoplasts. 
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Box 7.5 The Expert's View: 

Facts and Figures: The Cultivation 
of Genetically Modified Plants 
and Labeling of Food Produced 
From Such Plants 


The first time genetically modified (GM) crops 
were sown in the United States was in 1996. 
The acreage for GM crops has since steadily 
increased—reaching a total of 197.1 million 
hectares globally in 2018. That is nearly the 
size of Saudi Arabia. 


Green gene technology—the practical use of 
genetically modified crops in agriculture—has 
spread predominantly in North and South. 
America. According to the International 
Service for the Acquisition of Agri-Biotech 
Applications (ISAAA), whose report on the 
global crop situation is published annually, 
18.1 million farmers in 28 countries were 
growing GM crops in 2018. 


Main GM-growing countries: The countries 
with the largest GM-growing areas are the 
United States (75 million hectares), Brazil 
(51.3), Argentina (23.9), Canada (12.7), 
India (11.6), Paraguay (3.8), China (2.9), 
Pakistan (2.8), and South Africa (2.7). Other 
countries include Uruguay, Bolivia, Mexico, 
Chile, Colombia, Honduras, and Costa Rica 
in South and Central America, Burkina Faso 
and Egypt in Africa, as well as Australia, 

the Philippines, Vietnam, Indonesia, and 
Myanmar. 


Crops and cultivated areas 


Cultivars: Agricultural use of GM crops 
includes mainly soy, corn, cotton, canola, and 
sugar beet. 


* CGenetically modified soy: Cultivated 
area: 95.9 million hectares; share of global 
production: 7876; most important growing 
countries: United States, Argentina, and 
Brazil. 


* CGenetically modified corn: Cultivated 
area: 58.9 million hectares; share of 
global production: 76%; most important 
growing countries: United States, Brazil, 
Argentina, and South Africa. 


* CGenetically modified cotton: 
Cultivated area: 24.2 million hectares; 
share of global production: 30%; most 
important growing countries: India, 
United States, China, and Pakistan. 


* CGenetically modified canola: 
Cultivated area: 10.2 million hectares; 
share of global production: 29%; most 
important growing countries: Canada, 
United States, and Australia. 


258 


Top: Corn cob with traces of European corn borer 
attack. Such an attack may lead to secondary 
fungal infection, which, in turn, can contaminate 
food and animal feed with toxic metabolic 
products (aflatoxins). Bottom: Corn borer larvae 
are the most economically significant corn pests 
in Europe. 


* Genetically modified sugar beet: 
Cultivated area: USA 485.000 hectares; 
share of US production: 98%; growing 
countries: United States and Canada. 


Other GM plants and crops that are usually 
grown on smaller areas include papayas (United 
States/Hawaii, and China), zucchini and squash 
United States), and tomatoes, red and green 
peppers, and poplar trees (China). In addition, 
the United States grows alfalfa as animal feed, 
mainly for dairy cows, while Colombia and 
Australia grow blue-flowering GM carnations. 


In 2014, some farmers in Bangladesh began 
o grow GM brinjal (eggplant) on smaller 
areas. The Bt protein secreted by the plant 
provides protection against pest infestations 
and will thus help to cut down significantly 
the use of pesticides. According to the ISAAA 
report, the cultivation of GM brinjal is 
expected to increase. 


ISAAA figures show that 17 million farmers 
worldwide were using genetically 
modified crops in 2017. A total of 7.7 
million small farmers grow GM cotton 

in India, and 8.1 million in China. In the 
Philippines, 415,000 small farmers have 
decided to sow GM corn on their fields. 


In Europe, genetically modified crops have 
hardly been grown at all, with the exception of 
Spain, where GM corn has been harvested since 
1998 and took up 131,000ha in 2014. Portugal, 
the Czech Republic, Romania, and Slovakia 
have smaller GM-growing areas. Currently, only 
опе GM plant—MON8 10 corn, which carries 

a resistance gene against the corn borer, a pest 
found all over Europe—has been licensed for 
cultivation. Since 2015, individual EU member 
states have the right to veto the cultivation of 
any GM crop, even if they have been licensed at 
the EU level and thus been shown to be as safe 
as comparable conventional crops. 


Traits 


About three-quarters of all genetically 
modified plants grown globally have a newly 
introduced characteristic that makes them 
resistant to certain herbicides. This makes 
the battle against weeds easier and more 
effective. The new herbicide-tolerant soy 
cultivars make it possible to use more soil- 
protective no-till cultivation methods. 


Other commercially successful types of 

GM plants can defend themselves against 
pests with the help of a gene from a soil 
bacterium, Bacillus thuringiensis. The gene 
produces a protein known as Bt toxin, 
which kills certain noxious insects. The 

use of chemical pesticides can thus be 
reduced or dispensed with altogether. The 
damage caused by the targeted insects is also 
significantly reduced. Genetically engineered 
insect resistance is a widely used trait in 
corn and cotton. 


Almost one-third (28%) of all GM crops sown 
in 2014 have combined herbicide tolerance 
and insect resistance (stacked genes). 


The first GM crops are now available that 
ensure higher yields than conventional 
cultivars under drought conditions. The first 
drought-resistant GM corn (Drought Gard) 
was planted in the United States in 2013. 
In 2014, the cultivated area expanded from 
50,000 to 275,000 hectares. Drought- 
resistant GM sugar beets are now being 
grown in Indonesia. 


In Brazil, а GM pinto bean (Phaseolus vulgaris) 
that is resistant to golden mosaic virus, one of the 
major bean pests in South America, was licensed. 
The new bean was developed in the state- 
owned agricultural research institute, Embrapa. 
The seeds became available in the 2014/2015 
growing season. Beans are a staple food in Brazil 
and are mainly grown by small farmers. Virus 
infestations not only destroy their harvest, but the 
soil—several hundred thousand hectares—can 
no longer be used for growing beans. The new 
virus-resistant bean is the first genetically 
modified crop that was developed using 
public funding and without the support of 
multinational companies. 


Meanwhile, genetically modified crops 
have been licensed in the United States, 
with special benefits for consumers—such 
as soybeans with a higher proportion of 
omega-3 fatty-acids, apples that do not turn 
brown once they have been cut in half, and 
potatoes that develop less acrylamide when 
heated and deep-fried. New, more accurate 
genetic engineering methods were used for 
the development of apples and potatoes. 
These involved switching off existing 
genes in the plants instead of inserting 
genes from other organisms. Soybeans with 
a modified fatty acid composition have 
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been available since 2011. Potatoes were 
market-ready by 2015 and apples were 
ready by 2016. 


Food products —Is GM in it? 


Itis mainly through soy and corn raw 
material that food comes into contact with 
gene technology without being genetically 
modified itself. Oil in margarine, lecithin in 
chocolate, biscuits, or ice cream, proteins, and 
vitamins may originate from soy. Every year, the 
EU countries import approximately 35 million 
tons of soy raw material from Brazil, the United 
States, and Argentina. China, Japan, and other 
Asian countries also buy their soy from these 
countries, where GM varieties are grown оп 
95% of the land used for bean cultivation. 


Unless expressly produced GM-free, soy 
products available on the world market can 

be expected to contain a proportion of GM 
Soybeans. Most of the imported soy raw 
material is fed to cattle. Without them, our 
current levels of meat production would be 
unsustainable. While proportions of GM soy are 
detectable in mixed animal feed, it is impossible 
to tell from meat, milk, or eggs whether the 
animals were fed GM or conventional feed. 


Starch is obtained from corn and it is used 
not only in the chemical and paper industries, 
but also as an ingredient or additive in food. 
Dextrose and glucose can be produced from 
corn starch to sweeten food products. We 
cannot therefore rule out that genetically 
modified corn has been used in such products. 


Many additives and processing aids in the 
food industry are produced with the help of 
genetically modified microorganisms. Such 
additives include some vitamins, citric acid, 
flavor enhancers, amino acids, and enzymes 
such as chymosin (rennin), which is used in 
cheese production. 


Labeling 


Labeling genetically modified food is 
mandatory in many countries. Regulatory 
details may vary between countries. 


Within the EU 


In the EU, labeling information requirements 
were introduced in 2003, according to 

which any direct use of GMOs during the 
production of food or animal feed must be 
indicated. It is irrelevant whether the GMO in 
question can be detected in the end product. 
The idea behind this type of labeling is to 
provide information about the application of 
gene technology, rather than on the actual 
composition of the food product in question. 


What is not covered by EU labeling 
legislation? 


* Animal products such as meat, 
milk, and eggs if the animals were fed 
genetically modified feed. 


* Additives and processing aids 
(enzymes) produced with GM 
microorganisms, as long as the GMOs are 
not found in the end product. 


e Accidental and unavoidable admixing 
of GMOs, up to 0.9%. 


In other countries 


Many other countries have labeling 
regulations, but these are often not as strict as 
the EU regulations. Often, they apply only to 
some GMOs and only if they can be detected 
in the food product in question. Nearly all 
countries have defined thresholds up to which 
GMO will be tolerated without labeling. In 
Japan, Taiwan, South Africa, and Indonesia, 
the threshold is 5%; in South Korea, it is 3%; 
and in Brazil, Australia, and New Zealand, it 
is 1%. China and India have a general GMO 
labeling requirement, but no specifications. To 
date, there is no legal labeling requirement for 
GMOs in Canada and the United States. 


af 


Gerd Spelsberg 


Director of the German 
information platform 
www.transgen.de 
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An Open Opinion 


In your view, are there any risks in releasing 
genetically modified plants? 


I do not deny that there are risks but I am 
convinced that these risks are far lower than 
those associated with not using crops that 
have been improved by gene technology. 


I am thinking in particular of Golden Rice, 

a genetically modified cultivar developed in 
Switzerland and Germany. Its high vitamin 
А content could save millions of children in 
the rice-consuming regions of the world from 
disease and early death. 


It has been available for more than 10 years 
and yet it can still not be grown, although 
measures have been taken to ensure that 
companies cannot rake in extra profits. 


I consider this to be a crime against humanity. 


Prof. Gottfried Schatz (Basel) in his last TV 
interview for Swiss TV, 2014 


Fig. 7.28 Imaginative protests against genetically 
modified food (by Greenpeace and Attac) with giant 
"tomato." 


To follow the latest on the Golden 
Rice campaign, go to http://www. 
allowgoldenricenow.org/ 


The essence of knowledge is, 
having it, 

to apply it; not having it, 

to confess your ignorance. 
Confucius 


(551 BC-479 BC) 
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Rooting 


Formation of shoots 
after the addition 
of hormones 


Formation of tissue 
complexes (calluses) 


Enzymatic 
breakdown of cell 
walls 


Isolated 
protoplasts 


Growth in nutrient medium, 
new formation of cell walls 


Fig. 7.29 Principle of protoplast culture. 


Fig. 7.30 The purple foxglove 
(Digitalis purpurea) supplies 
medicinal products that 
affect the heart. 
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danger of rare plant species dying out, demands of 
space for plantations leading to deforestation of rain- 
forests and too little land for agriculture, occurrence 
of plant diseases and pests in monocultures, contam- 
ination by pesticides, heavy metals from polluted air, 
dependence of the active substance content of plants 
on climate, weather, time of year, age, and site, and 
also the vulnerability to political crises or price cartels 
in the crop-growing countries. 


The last disadvantage mostly affects only the multina- 
tional pharmaceutical concerns, although these are well 
able to defend themselves—as the example of steroid 
hormones has shown (see Chapter 4). The fears of the 


developing countries, whose exports are very often de- 
pendent on plant products, doubtless have more foun- 
dation: for them, physical survival is often literally more 
important. 


Plants surpass by far everything that will be syn- 
thesized by chemists for the foreseeable future. It 
is estimated that there are tens of thousands of com- 
pounds with extremely complicated structures; all of 
these substances have obviously arisen under the pres- 
sure of selection of animals and microbes, and many are 
directed at warm-blooded creatures. 


We must therefore assume that there is a huge trea- 
sure trove of pharmacologically interesting substances 
waiting to be discovered. Only a fraction of the plant 
world has been investigated so far, some of it using ob- 
solete, very outdated, and inadequate methods to find 
evidence of active substances. It is to be feared that with 
the deforestation of tropical forests, plant species 
may even die out before their uses have been tested 
at all. As chemical synthesis of the active substances is 
either not yet possible or is very costly, the natural prod- 
ucts in medical treatment produced from plants cannot 
be replaced. 


In order to safeguard this supply for the future, we have 
to consider the production of active substances from 
plants with the aid of cell culture technology. 


B 7.11 What Are the Active Substances 
From Plants That Will Follow Shikonin? 


For the cell culture researcher, the Madagascar peri- 
winkle (Catharanthus roseus) (Fig. 7.32) is a reward- 
ing subject for investigation. It contains a series of active 
substances, including the bisindol alkaloids vinblastin 
and vincristin, which are of complicated construction 
and difficult to obtain synthetically. 


Both active substances cost several thousand dollars per 
pound and they are imported from developing tropical 
countries. 


The steroidal cardiac glycosides digoxin and digi- 
toxin can be isolated in cell culture from the foxglove 
(Digitalis, Fig. 7.30) and it is predominantly digoxin and 
digoxin derivatives that are therapeutically interesting. 
Digoxin differs from digitoxin only by the presence of an 
additional hydroxyl group. 


Eckard Wellmann at the University of Freiburg 
(Fig. 7.33) succeeded, in cooperation with our group in 


Hong Kong, in producing a highly interesting substance 
in cell culture that been used since primeval times by 
the Chinese against loss of memory. 


We know the disease today under the name 
Alzheimer's disease. The lycopod Huperzia only 
grows slowly in the Chinese mountains and needs 
8-10 years to produce the coveted Huperzine A. 
It has well-nigh been eradicated due to over-zealous 
collectors. Huperzine A can now be made for the first 
time in cell culture. If cultivation succeeds on a large 
scale, authentic huperzine A can be produced in large 
quantities at low cost. 


Plant cell cultures have proved to be the method of 
choice for high-quality substances if synthetic produc- 
tion is too expensive, or microbial manufacture is 
not possible (see Box 7.4). 


Not the least, they make a relevant contribution to the 
protection of rare plants and save valuable acreage 
urgently required for food crops. 


B 7.12 Agrobacterium —A Pest as Genetic 
Engineer 


If you can cultivate plant cells in nutrient solutions in a 
manner similar to the growth of microorganisms, why 
should you not be able to manipulate them using genetic 
engineering (see Chapter 3)? 


The aim of the plant genetic engineer is to create plants 
that are resistant to drought, insects, and pesticides and 
that are able to grow on salt-laden ground, while con- 
taining more protein and nutrients. 


“Natural” genetic engineers are bacteria of the spe- 
cies Agrobacterium tumefaciens, which live in the 
ground and cause cancer-like growths or tumors on the 
root collar of damaged dicotyledonous plants. This dis- 
covery was made back in 1907. 


The bacteria are attracted by elicitors, which are mol- 
ecules released as a result of damage. They have a 
large plasmid (ring-shaped double-stranded DNA (see 
Chapter 3), 200-800 kb long), which triggers the 
tumor and it is therefore called Ti-plasmid (tumor- 
inducing plasmid). The pest is therefore suitable as a 
"Trojan horse" or vector for foreign genes. 


The T-plasmids carry genes for opine detection and 
phytohormone formation. Opines are special amino 
acids formed in affected cells and can only be used by 


Agrobacterium. The bacterium therefore reprograms 
the plant cells for its own purposes. Auxins and cyto- 
kinins, the phytohormones, stimulate growth and cell 
division of the transformed cells in the root collar tumor. 
Ti-plasmids also carry genes that recognize wounded 
cells and mobilize and transfer the T-DNA into the 
plant. After transmission, the transfer DNA is introduced 
into the plant DNA in the cell nucleus. This is a rare 
example of a gene transfer from a prokaryote into 
a eukaryote. 


In 1983, Marc van Montagu (b. 1933) and Jeff Schell 
(1935-2003) (Figs. 7.34 and 7.35) in Ghent (Belgium) 
and Robert Fraley (b. 1953) at Monsanto Co. (St. 
Louis, United States) each suggested a revolutionary 
method, independently of each other. 


They "deactivated" the "wild" Ti-plasmids by intro- 
ducing a foreign gene into the 15-30 kb-sized T-DNA. 
The phytohormones and the opine genes of the T-DNA 
were removed to create space for the introduction of 
the foreign DNA, but this did not lead to any further 
growths occurring at the same time. Indeed, it is diffi- 
cult to regenerate whole plants from cancerous tissue 
at all. 


Foreign genes can be integrated at will into the 
thus “tamed” Ti-plasmids. In addition to the foreign 
gene, a gene that confers resistance to antibiotics, 
usually kanamycin or ampicillin, is incorporated so 
that the "successful" cells can later be more easily 
selected. 


The recombinant plasmids are either transferred di- 
rectly into "naked" plant cells, i.e., into the proto- 
plasts, or incorporated into Agrobacterium, which 
then attacks intact plant cells. The latter is the standard 
method. 


Pieces of leaf are incubated with a suspension of re- 
combinant Agrobacterium cells. The addition of hor- 
mones then induces the formation of shoots. The 
bacteria are killed by adding antibiotics and the suc- 
cessfully transformed plants are selected on a kana- 
mycin medium. The kanamycin-resistant cells (see 
Chapter 3) must also contain the foreign gene. Root 
formation is then induced and the plants regenerated. 
No more root collar tumors are formed, because the 
T-DNA gene for auxin, cytokine, and opine production 
is missing. 


In reality, the process is even more refined. The re- 
combinant plasmids with intact Ti-plasmids interact 
and recombine in Agrobacterium cells; this is called 
a “binary” or “two-vector system.” Binary vectors 
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Fig. 7.31 The antipyretic, 
salicylic acid, is produced 
from willow bark (Salix) (see 
Chapter 9). 


Fig. 7.32 Catharanthus roseus 
provides drugs against cancer. 


Fig. 7.33 Eckard Wellmann 
(University of Freiburg) was the 
first to be successful with the 
in vitro cultivation of Huperzia 
(top). 


Chinese varieties of Huperzia 
hanging on my Chinese 
cupboard for Traditional 
Chinese Medicine (TCM). 
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Fig. 7.34 Marc van Montagu, 
one of the fathers of plant gene 
engineering. 


Fig. 7.35 Jeff Schell (1935— 
2003), a pioneer of “green” 
biotechnology. 


Fig. 7.36 German film star 

Hans Albers in the UFA film 
“Miinchhausen: Ride on 

a Cannonball.” Just like 
Miinchhausen on the cannonball, 
DNA is shot into cells during 
biolistic gene transfer. 


Fig. 7.37 (Bottom right) Biolistic 

gene transfer in turf grass. 

Zeng-yu Wang of the Samuel 

Roberts Noble Foundation in 

Oklahoma transferred genes 

using biolistic gene transfer ona 

type of sheep’ s fescue (Festuca). 

(A) The PDS/1000 device for 
microprojectiles. 

(B) Cell suspension before 
bombardment. 

(O Calluses after selection on 
hygromycin. 

(D, E) Transgenic plants are 

regenerated. 

(F) Transgenic Festuca plants in 

the greenhouse. 
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remain in Agrobacterium cells as independently 
replicating vectors (see more below in the antisense 
experiments of “Flavr Savr tomatoes"). 


B 7.13 Biolistic Gene Transfer: 
DNA Shot From a Gun 


However, not all plants can be transformed in this 
way. Monocotyledons are hardly ever infected, but 
among those that are, the monocotyledons corn and 
rice, and other grasses are the most important food 
plants. 


The solution did not come from protoplasts but from 
the United States, typically from the barrel of a "gene 
gun"; hence, the name biolistic gene transfer. 
The guns were developed at Cornell University in 
Ithaca, New York. Plasmid DNA is applied to gold or 
tungsten particles and then shot into tissue without 
damaging the cells. The adsorbed DNA remains in 
the cell as the shot comes through and is integrated 
into the DNA genome in admittedly rare but still a 
sufficient number of cases. Foreign DNA can be in- 
serted into the nuclear DNA as well as into the DNA 
of chloroplasts. Other methods allow the introduc- 
tion of foreign genes only into the chromosomes of 
the cell nucleus. The big advantage of biolistic trans- 
formation is that it can also be used for any other 
organisms you like, including vertebrates (Figs. 7.36 
and 7.37). 


B 7.14 Transgenic Plants: Herbicide 
Resistance 


Plants that have been changed as a result of genetic en- 
gineering are known as transgenic plants, and farm- 
ers all over the world are incorporating more of these 
genetically modified plants every year. Areas cultivated 
with transgenic plants increased in 2018 to 191.7 mil- 
lion hectares (473.7 million acres). Seventeen countries 
have installed commercial green genetic engineering 
in their farming, and areas are increasing almost every- 
where (see Box 7.5). 


Box 7.6 The Expert's View: 

Ingo Potrykus, *Golden Rice," 
and the Conflict Between Good 
Intentions and the Public Distrust 
in GMOs 


“Golden Rice" is the first case of genetically 
modified biofortification and it opens a 

new area of sustained intervention to 
reduce micronutrient malnutrition in poor 
populations in developing countries. The 
“Father of Golden Rice,” the Swiss scientist 
Ingo Potrykus, reports in the following 
(drastically shortened) article about his 
ambition to save the lives of the poorest 
and his disappointment at the years of delay 
caused by unjustified regulation: 


Polished Golden Rice in comparison to 
untransformed control. The yellow color indicates 
the presence of carotenoids; the intensity is a 
measure of the concentration (in the example 
given approximately 4 mg/g endosperm). 


Poor members of rice-dependent societies 
are vitamin A-deficient because rice is 
their major source of calories but does not 
contribute any pro-vitamin A to the diet. 
Hundreds of millions in Southeast Asia, Africa, 
and Latin America, therefore, do not reach the 
50% level of the recommended nutrient intake 
RNI) for vitamin A required to live a healthy 
life. Even with rice lines containing modest 
concentrations of pro-vitamin A, a shift from 
ordinary rice to Golden Rice in the diet could 
save people from vitamin-A malnutrition. A 
recent independent study (1) has established 
that Golden Rice, if supported by the 
government, could save up to 40,000 lives per 
year in India alone at minimal cost. 


The underlying science 


As a scientist, І was determined to contribute 
to food security and I have been investing 
in genetic engineering technology for cereals 
since 1974. By the end of the 1980s, we 
had transformation protocols ready for rice 
and we had worked on projects to rescue 
harvests with the help of insect-, pest-, and 
disease-resistant plants. A wish list from The 
Rockefeller Foundation alerted me to 

the problem of micronutrient malnutrition, 
Specifically vitamin-A malnutrition. 


In 1991, I appointed a PhD student, Peter 
Burkhardt, to take up the task to work toward 
pro-vitamin A biosynthesis in rice endosperm. 
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As Full Professor of plant sciences at ће ETH 


Zürich, I had some financial independence to How much vitamin A would a typical rice diet in Bangladesh provide from plant 


and animal sources, and from Golden Rice? 


start a project considered totally unfeasible. 
Soon realized that my PhD student needed 

a cosupervisor with solid knowledge in the 
egulation of the terpenoid biosynthetic 
pathway, and he found Dr. Peter Beyer 

from the neighboring University of 

Freiburg, Germany. When approaching The 
Rockefeller Foundation for support, Dr. Gary 
Toenniessen organized a brainstorming 
session in New York. The opinion was that 

the feasibility for success was extremely low. 
But, as the outcome in case of success would 
be so overwhelming, the Foundation decided 
o finance one postdoc both in my and Peter 
Beyer's lab. Our expertise was perfectly 
complementary, and we decided to take up the 
challenge. We had to introduce four genes (see 
Section 7.20) whose successful function could 
be tested only when all four would be working 
ogether. 


The breakthrough came, after 8 years, from 
an experiment by a Chinese postdoc in my 
ab, Xudong Ye. When Peter polished the 
harvest from a cotransformation experiment 
with five genes, the offspring from a 
ransgenic line harboring all genes were 
segregating for white and yellow endosperm. 
HPLC analysis showed that the yellow color 
was based on the presence of carotenoids. 


This was in February 1999, 2 months before 
my retirement. Fortunately, Peter was 
younger and could continue. 


A scientific breakthrough alone 
is not enough for success 


We presented our success to the public at my 
Farewell Symposium on March 31, 1999, and 
it was finally published in Science. Nature 
refused publication because of lack of interest, 
but the scientific community, the media, and 
the public were quite interested, even became 
quite excited about this vitamin-A rice. 


TIME Magazine devoted a cover story 

to it on July 31, 2000, and there were 
hundreds of articles and airings in the media. 
Quite flatteringly, the readers of Nature 
Biotechnology voted Peter Beyer and 
myself as the most influential personalities 

in agronomic, industrial, and environmental 
biotechnology for the decade 1995—2005. 


The first disappointment followed soon 
afterward: nowhere in the public domain 

could we find a granting agency, which would 
be willing to invest in the tedious process of 
"product development" of a humanitarian GMO. 


We had the choice to give up, or to find 
support from the private sector. Fortunately, 
Peter had taken the trouble to patent our 
invention. Therefore, we had something to 
offer. Having ourselves no commercial plans, 


Recommended daily 
provitamin A intake 
(WHO) in 96 


140 === 


50% 
RNI sufficient to 
prevent 2° * 


Golden Rice 2 8 ug line 


—— В GoldenRice1 2 ug line 


Wi Plant Sources 
Bi animal source 


Range of rice lines available 


malnutrition Ог 


REND Т 
Women Children 


To prevent vitamin A-malnutrition in rice-dependent populations it would be sufficient 
to replace ordinary rice by Golden Rice varieties. 


between 2-30 mg pro vitamin A 


The situation in Bangladesh: The diet provides only 4096 (women) or 3096 (children) of the recommended 
amount from plant (vegetables and fruit) and animal (fish and poultry) sources. Rice, though the major 
source of calories, does not provide any pro-vitamin A. A shift to Golden Rice would raise both women and 
children above the critical 50% line; with 8-р lines even above 100%. Men are not at risk. This is the only 


sustained, and most cost-effective, intervention. 


TIME magazine devoted a cover story to Golden 
Rice and there were many hundreds of articles 
and TV airings from 2000 to 2003 reporting very 
positively about this first GMO case in the interests 
of the consumer, and from the public domain. 


we offered the agroindustry the patent rights 
for commercial exploitation in exchange for 
support of our humanitarian project. 


How to make Golden Rice freely available 
to the poor and gain financial return from 
a commercial product? Dr. Adrian Dubock 
(then at Zeneca, later Syngenta) helped us to 
find a solution. 


"Humanitarian" was defined as including апу 
action, which did not lead to a higher income 
from rice than $10,000 per year, the territory to 
be developing countries, and export not being 
allowed. On this basis, our rights were transferred 
to Zeneca (later Syngenta) and licensed back for 
humanitarian use to the inventors. 


This “public—private partnership" also helped 
to solve the next big problem: all intellectual 
property rights involved in the technology, 
i.e., other peoples' patents! We did not know 
which patents we had been infringing in the 
course of our work. Two patent lawyers, 
commissioned by the Rockefeller Foundation, 
were studying the case and found alarming 
numbers: we had been using 70 patents 
belonging to 32 patent holders! So, we had no 
choice but to get free licenses. Fortunately, 58 
patents were not valid in our target countries. 


Of the remaining 12, six belonged to our 
partner Zeneca/Syngenta and for the rest, it 
was not a big problem to get free licenses. 


These four personalities (Adrían Dubock, 
Ingo Potrykus, Peter Beyer, and Gary 
Toenniessen, from left to right) were (and 
are) instrumental to the Golden Rice case: 
Peter Beyer was the "scientist" and Ingo 
Potrykus the "engineer" in establishing 
proof-of-concept. 


Gary Toenniessen, Rockefeller Foundation, 
created the idea, organized the brainstorming, 
and financially supported proof-of-concept 
and beyond. Adrian Dubock (Zeneca/ 
Syngenta) organized the public-private 
partnership and the free licenses, established 
the Humanitarian Board, and is the driving 
force behind product development and 
deregulation. 


Golden Rice soon became the “poster boy” of 
the ag-biotech industry. For the same reason, 
“the darling of the ag-biotech industry” 
immediately became the prime target of 
the anti-GMO lobby. The involvement 

of a commercial company aroused the 
suspicion of the media and concerned 
environmentalists. 


The Wonder of Gene Technology 


The next substantial hurdle: how to pass 
through the regulatory procedures? As 
university scientists we had, of course, not the 
slightest idea what that meant. It meant that it 
cost us 4 years to repeat the same experiment, 
with some modifications, over and over again 
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until we established a transgenic line (called 
“event” from now on), which would comply 
with all regulatory requirements and still 
produce sufficient pro-vitamin A. We improved 
the pro-vitamin A content up to 23-fold above 
the proof-of-concept experiment because we 
had no precise data to calculate how much 
pro-vitamin A we had to provide with a 
routine daily diet. Much of this was due to the 
success of the Syngenta team working toward 
a commercial product (3). 


When, much to our regret, the Syngenta 
management decided to abandon the idea of 
producing Golden Rice on a commercial basis, 
all research results were made available to the 
Humanitarian Project. 


For the necessary far-reaching strategic 
decisions, we scientists simply did not have 
the necessary expertise. Thus, we established 
a “Humanitarian Golden Rice Board” with 
expertise from all the different areas from 
which we needed advice. 


Since 2001, the Board has been guiding the 
project. We needed GMO-competent public 
partner institutions in our target countries to 
develop locally adapted and agronomically 
successful varieties. Now, we have a Humanitarian 
Golden Rice Network in India, the Philippines, 
China, Bangladesh, Vietnam, Indonesia, and 

epal, and the Network is still expanding. 


[24 


We needed managerial capacity beyond that 
of one overworked University Professor (Peter 
Beyer) and one retired one. We now have 

a "Network Coordinator" with an office at 
the International Rice Research Institute, the 
Philippines, and a “Project Coordinator" at 
the University of Freiburg. For more detailed 
information, visit our homepage under www. 
goldenrice.org. 


Lost years because of over-regulation 


Because of the extreme requirements of 

the regulatory procedures in costs and data, 
we have to base all Golden Rice breeding 
work and variety development on one single 
selected transgenic event. 


This event selection was to be completed 
in 2007 and from then on, our partner 
institutions would be integrating this event 
into a carefully chosen selection of around 
30 Southeast Asian popular rice varieties. 
Deregulation would be based later on the 
single event, not on 30 different varieties. 


We lost with Golden Rice 4—6 years in 

the preparatory adoption of regulatory 
requirements, which do not make any sense 
scientifically, as well as from the perspective 
of guaranteed food safety. The most drastic 
case demonstrating how irrational regulatory 
authorities operate is our experience with 
permission for a small-scale field testing 

of Golden Rice. No ecologist around the 
world has been able to propose any serious 
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risk for any environment from a rice plant 
containing a few micrograms of carotenoids 
in the endosperm (the natural rice plant is 
loaded, exclusive of the endosperm, with 
carotenoids), and that is not surprising 
because this trait does not provide for any 
selective advantage in any environment. 


ы & 
The Holy Father has an open mind for the 
challenges of new technologies. He blesses a 
sample of Golden Rice offered by Ingo Potrykus 
(2013) (with kind permission by Msgr. Marcelo 
Sanchez Sorondo, Chancellor of the Pontifical 
Academy of Sciences). 


Thus, regulation is responsible for the death 
and misery of millions of poor people. And 
did regulation prevent any harm? Judging 
from all the regulatory reviews and all the 
data from all the “bio-safety research,” the 
answer is: ^most probably not." 


Ingo Potrykus was born & 
in Hirschberg/Silesia, | 
Germany, in 1933. 
He studied biology 

at the University of 
Cologne and earned 
his doctorate with 

a thesis at the Max- 
Planck Institute for 
Plant Breeding Research. After several years 

at the Institute of Plant Physiology, University 
of Hohenheim, he became the research group 
leader at the Max-Planck Institute for Plant 
Genetics. In 1976, he transferred to Basel to 
establish the area of plant genetic engineering 
at the Friedrich Miescher Institute. He was 
Full Professor of Plant Sciences, specifically 

of Biotechnology of Plants, at the Institute of 
Plant Sciences of ETH Zurich from 1987. 


Since his retirement, Ingo Potrykus, as president 
of the international Humanitarian Golden Rice 
Board, is devoting his energy to guiding Golden 
Rice toward subsistence farmers across the 
many hurdles of a GMO crop. 


Golden Rice—The challenges continue 


Adrian Dubock, Member and Executive 
Secretary, Golden Rice Humanitarian 
Board reports 


Research with children 


The next important step for us was to carry out 
a study in China to understand how efficiently 


beta-carotene in Golden Rice was converted 
into retinol (vitamin A) in the bloodstream. 
The study had been carefully planned from 
2003 and it meticulously followed the relevant 
protocols. In a 1-day experiment in 2008, 
three groups of children were fed spinach, 
Golden Rice, or beta-carotene in capsules. 
Highly sophisticated methods were used to 
determine the conversion efficiency of each of 
these sources of beta-carotene. The study was 
particularly important to us because children— 
and young women—are most affected by 
vitamin-D deficiency (VAD). 


Selecting a lead transformation event 


While we were still awaiting the results, the 
Golden Rice Humanitarian Board met in March 
2009 at the headquarters of the International 
Rice Research Institute (IRRI) in the 
Philippines to review the agronomic performance 
of Golden Rice containing the different 
transformation events we could select from. 

The results Chinese children research were not 
available, but we were able to refer to soon-to-be- 
published results of the bioconversion of Golden 
Rice’s beta-carotene to retinol in adults. 


On the basis of the agronomy, and levels of 
expression of carotenoids, the Board selected 
event GR2G to be the lead transformation 
event, with GR2R as backup. Both 
transformation events resulted from research 
reported by Paine et al. in 2005, just after 
Syngenta had ceased to pursue its commercial 
interest in Golden Rice. However, only 

6 months later, in October 2009, the lead 
event was changed to the backup event GR2R 
because a molecular deletion in GR2G was 
discovered that did not affect biological function 
but was anticipated to cause regulatory delays, 
as it would have to be explained. GR2R was 
bred into multiple rice varieties in screen- 
houses and, in 2013, assessed in field trials. 


An auspicious encounter 


In March 2012, at a presentation about 
Golden Rice I made in Korea, I met Sir 
Richard Roberts FRS, Nobel Laureate for 
Physiology or Medicine, 1993. He shared 
my concerns about the rejection of science, 
which so often has delayed the development 
of Golden Rice, as well as other beneficial 
crops created using transgenesis—so-called 
GM crops. He offered to assist. 


Encouraging results 


In August 2012, Dr. Guangwen Tang and her 
coworkers from China and the United States 
published the results of their Chinese children 
research, which showed that beta-carotene in 
Golden Rice was converted into retinol in the 
bloodstream at a ratio of 2.3:1.0 meaning that 
2.3 molecules of beta-carotene produced 1.0 
molecule of circulating retinol. This is far superior 
to the conversion ratio of spinach (7.5:1). No 
other plant source of beta-carotene is converted 


50 efficiently. The conversion from the Golden 
Rice source is not significantly different from the 
conversion of beta-carotene in oil (2.0:1.0): the 
most efficient possible. Consumption of 50-100g 
of Golden Rice daily is expected to assist 
significantly in combatting VAD. 


Backlashes and delays 


Within 3 weeks, however, Greenpeace 
issued a press release accusing American 
researchers of using Chinese children as 
guinea pigs in Golden Rice research. 


An investigation of the Chinese children research 
by Tufts University—the employer of Dr. 
Tang—reported “These multiple reviews found 
no concerns related to the integrity of the study 
data, the accuracy of the research results or 

the safety of the research subjects. In fact, the 
study indicated that a single serving of the test 
product, Golden Rice, could provide greater 
than 50 percent of the recommended daily 
intake of vitamin A in these children, which 
could significantly improve health outcomes 

if adopted as a dietary regimen." The Tufts 
statement continued: “While the study data 
were validated and no health or safety concerns 
were identified, the research itself was found 
not to have been conducted in full compliance 
with IRB policy or federal regulations." 


"June 29, 2016 


Greenpeace's 2012 press release was a 
resounding success, from their perspective. 
Following some highly questionable behavior 
by Tufts University, in 2015, the American 
Journal of Clinical Nutrition retracted the 
paper. It is as if, from a science perspective, 
the seminal research has never occurred. 
Henry Miller, a physician, molecular biologist, 
and the founding director of the US Food and 
Drug Administration (FDA), asked: “Why do 
anti-genetic-engineering activists want to save 
the whales but let children go blind and die?” 


In August 2013, a field trial in the Philippines 
was trashed by anti-GM activists and led 

to an outcry among scientists around the 
world. Most of the field trials, however, went 
ahead undisturbed and a review held in 
December 2013 revealed that Golden Rice 
GR2R yielded about 2% less than the isogenic 
equivalent (that is the same variety without 
the beta-carotene-generating genetics). 
Subsequent investigation found that the 
GR2R rice plants’ roots did not exhibit 
normal geotropism (growing straight down) 
but grew sideways. The plants appeared 
normal when grown in screen-houses (as 
mandated by the relevant regulations for 
initial development of GM crops). However, 
when exposed to wind and rain in open 


GREEN BIOTECHNOLOGY 


fields, the faulty root structure caused lodging 
(the plants falling over) and the resulting 
yield drag was observed. The cause was 
found to be in the insertion site of GR2R in 
the Aux! intron in the rice genome, known, 
even in 2009, to be associated with root 
development. However, the principal reason 
why the fault in the transformation event was 
discovered so late and led to a delay of 3 years 
was the overcautious regulatory constraint, 
preventing open-field evaluation of GR2R’s 
agronomic performance by plant breeders. 


A new transformation event, GR2E, was 
selected in late 2013, with perfect molecular 
structures and agronomy, which breeds 

true, from generation to generation. Golden 
Rice GR2E versions of IR64, RC82, BR29, 
and IR36 all express sufficient beta-carotene 
levels, even after 2 months of storage, to 
ensure that with normal rice consumption, 
sufficient amounts of vitamin A are produced, 
which is key in combating VAD. 


Support from Nobel laureates 


By June 2016, Sir Richard Roberts, whom I 
had met in 2012, had engaged other Nobel 
laureates and in the name of all of them, 
issued an open letter: 


To the Leaders of Greenpeace, the United Nations and Governments around the world 


The United Nations Food & Agriculture Program has noted that global production of food, feed and fiber will need approximately to double by 
2050 to meet the demands of a growing global population. Organizations opposed to modern plant breeding, with Greenpeace at their lead, have 
repeatedly denied these facts and opposed biotechnological innovations in agriculture. They have misrepresented their rísks, benefits, and impacts, 
and supported the criminal destruction of approved field trials and research projects. 


We urge Greenpeace and its supporters to re-examine the experience of farmers and consumers worldwide with crops and foods improved through 
biotechnology, recognize the findings of authoritative scientific bodies and regulatory agencies, and abandon their campaign against “GMOs” in 
general and Golden Rice in particular. 


Scientific and regulatory agencies around the world have repeatedly and consistently found crops and foods improved through biotechnology to be 
as safe as, if not safer than those derived from any other method of production. There has never been a single confirmed case of a negative health 
outcome for humans or animals from their consumption. Their environmental impacts have been shown repeatedly to be less damaging to the 
environment, and a boon to global biodiversity. 


Greenpeace has spearheaded opposition to Golden Rice, which has the potential to reduce or eliminate much of the death and disease caused by a 
vitamin A deficiency (VAD), which has the greatest impact on the poorest people in Africa and Southeast Asia. 


The World Health Organization estimates that 250 million people suffer from VAD, including 40% of the children under five in the developing 
world. Based on UNICEF statistics, a total of one to two million preventable deaths occur annually as a result of VAD, because it compromises the 
immune system, putting babies and children at great risk. VAD itself is the leading cause of childhood blindness globally affecting 250,000—500,000 
children each year. Half die within 12 months of losing their eyesight. 


WE CALL UPON GREENPEACE to cease and desist in its campaign against Golden Rice specifically, and crops and foods improved through 
biotechnology in general; 


WE CALL UPON GOVERNMENTS OF THE WORLD to reject Greenpeace's campaign against Golden Rice specifically, and crops and foods 
improved through biotechnology in general; and to do everything in their power to oppose Greenpeace's actions and accelerate the access of 
farmers to all the tools of modern biology, especially seeds improved through biotechnology. Opposition based on emotion and dogma contradicted 
by data must be stopped. 


How many poor people in the world must die before we consider this a “crime against humanity”? 
Sincerely,” 


(As of 16.2.21, signed by 157 Nobel Laureates, and supported by 13,470 scientists and citizens) 
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Biofortified staples 


Golden Rice is the first purposefully 
created “biofortified” crop, created before 
the term itself—“biofortification” was 
first used in 2002 and first defined in 
2004: “biofortification” is a word coined 
to refer to increasing the bioavailable 
micronutrient content of staple food 
crops through genetic selection via plant 
breeding. 


Since 2003, conventional breeding has been 
used by Harvest Plus to biofortify seven 
crops, now being adopted by more than 15 
million farm households in 40 developing 
countries. For more than a decade, Harvest 
Plus avoided using genetic modification, 

so that associated controversy could not 
interfere with their fundraising. Eventually, 
however, they discovered that only by using 
transgenesis could they achieve target levels 
of iron and zinc in rice. The World Bank has 
recommended that biofortification, by either 
conventional or genetic engineering (with 
specific mention of Golden Rice), should 

be the norm for crop breeding. On October 
16, 2020, World Food Day, Prime Minister 
Modi of India gave a strong endorsement to 
staple crop biofortification as a sustainable 
and cost-effective solution to alleviate 
malnutrition. Adoption of biofortified 

staple crops to provide essential dietary 
micronutrients’ sustainably is gaining wide 
acceptance. 


All Golden Rice varieties that are currently 
undergoing applications for approval and 
use by the public sector are based on the 
СЕЗЕ transformation event. They have 
been assessed as safe for consumption 

by Government regulators in Australia 

(in 2017), Canada (2018), New Zealand 
(2017), the Philippines (2019), and the 
United States of America (2018). However, 
no country has yet approved the cultivation 
of Golden Rice, and without the latter, no 
progress can be made in reducing VAD. 

АП requested data has been supplied to 
regulators in Bangladesh (in 2017) and the 
Philippines (in 2020). 


Effects of the pandemic 


When, in 2020, the devastating COVID-19 
pandemic brought the world's economy 

to a halt, progress on the Millennium 
Development Goals (since 1990), and the 
Sustainable Development Goals (since 2015) 
has been reversed to an extent that cannot 
yet be accurately estimated. 


Prepandemic community health interventions 
saw new challenges to their effectiveness, 
while food insecurity also increased due to the 
pandemic. As a biofortified staple food, 
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Golden Rice, designed to improve immunity: 
to common diseases, could assist in mitigating 
both. 


Paradoxically, as a result of all the delays 

to its availability and of Covid-19, Golden 
Rice is now finally available for use, subject 
to perhaps two still outstanding regulatory 
decisions, in circumstances similar to those 
when it was envisaged in the 1990s. 


On July 21, 2021, Golden Rice was 
approved for cultivation and, previously for 
consumption, in the Philippines. 


On February 2, 2022, the Philippines 
Presidential Communications office 
announced that, in recognition of the value of 
genetically modified crops for food security, 
the Philippines Government has streamlined 
processes for future genetically modified 
crops, and that 2022 marks the start of 
massive production of Golden Rice seeds, 
particularly in vitamin A-deficient provinces. 


"The stance of the [Philippines DA: 
Department of Agriculture] is clear: 
biotechnology is a pillar of our 'One 

DA approach' to ensuring agricultural 
productivity, sustainability, economic growth, 
and nutritional security." 


Will Golden Rice be embraced as 

a free source of additional 

nutrition, at zero risk, as a simple but 
effective means of combatting vitamin A 
deficiency? 


Time will tell. 
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Box 7.7 Insects Against Insects: 
Alternative Methods for 
Combating Pests 


Researchers all over the world are seeking 
environmentally friendly biological 
methods for combating pests. Millions 

of the millimetersized ichneumon flies 
Trichogramma have already been bred “оп 
the assembly line" and released into fields 
affected with pests. 


A single female 7richogramma punctures up 
to 300 eggs of insect pests (e.g., the cabbage 
white butterfly) and inserts one of her own 
eggs into each one. The Trichogramma larvae 
then eat up the host egg. A well-known 


More than 30 transgenic plants have already been regis- 
tered in the United States, including transgenic cotton, po- 
tatoes, corn, rapeseed, soybeans, and tomatoes, which are 
resistant to herbicides, insect pests, and viruses (Fig. 7.38). 


Approximately 10% of crops on average are lost to 
"weeds" (Fig. 7.40). The ideal herbicide should be 
active in low quantities, should not inhibit the growth 
of economically useful plants, should decay quickly, and 
should not reach groundwater. Chemists work hard at 
the substance while bioengineers concentrate on the 
gene manipulation of economically useful plants. The 
herbicide market will extend to 8 billion US dollars 
Worldwide by 2025. 


The American genetics company Calgene was the first 
to succeed in integrating bacterial genes into tobacco 
plants and petunias, which made the plants resistant to 
the substance glyphosate. This means that these plants 
will tolerate quantities of the herbicide Round Up, the 
most popular herbicide in the United States that would 
have long since destroyed normal plants. The gene 
company’s client was Monsanto, the main producer of 
Round Up (Fig. 7.39). 


Glyphosate damages the plant by inhibiting an im- 
portant enzyme in amino-acid metabolism (enolpyru- 
vylshikimate phosphate synthase, EPSP synthase). 
Glyphosate-resistant Е. coli strains were isolated and 
the EPSP synthase gene extracted, and then cloned. 
The gene was then transferred with Agrobacterium into 
petunia, tobacco, and soybean cells, which were then 
grown again into full-grown plants. 


The plants obtained now possessed a much higher 
concentration of the enzyme and were not damaged 


Ladybird (above) and ichneumon fly. 
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example is the saving of the Californian citrus 
plantations from the scale insect that was 
introduced in 1870. The German-American 
Albert Köbele had had experience of the 
ladybird (Coccinella) as the natural enemy 

of the scale insect in his homeland and he 
introduced the ladybird with resounding 
success, so that after 12 years, the citrus 
plantations were free of the scale insect. 


The new Californian scale insects had 
originated from Australia, and they were 
still welcome there. They are useful 

insects in this respect, because they are 
parasites on the Opuntia cactus, which was 
originally deliberately introduced but it has 
now become wildly rampant and must be 


eliminated. 


until they had been exposed to a much higher con- 
centration of the herbicide. “Weeds” are therefore 
destroyed while the genetically modified plants 
survive. 


However, this development has been criticized 
by many ecologists. They regard with skepticism 
measures directed at full-scale destruction of a pest 
factor. To be fair, however, it should be noted that gly- 
phosate is an excellent systemic herbicide that permits 
minimal application rates, keeping ecological pollution 
extremely low and leaving behind hardly any residues 
in plants or soil. 


Ecologically more interesting than the protection of 
plants by increasing their enzyme contents are trans- 
genic plants that actively break down the herbi- 
cide and provide decontamination. This is the only way 
that accumulation of herbicide can be avoided. 


This has been successful for the herbicide Basta. The 
active substance is phosphinothricin, PPT. Basta inhib- 
its the synthesis of the amino acid glutamine in plants 
by means of glutamine synthase (GS) (Fig. 7.41). 
Thus, poisonous ammonia, which kills off cells, is not 
processed and accumulates. The gene encoding the 
enzyme that modifies PPT by acetylation (PPT ace- 
tyl transferase) was isolated from Streptomyces and 
transferred to tobacco, potatoes, rapeseed, and other 
plants. This neutralizes the inhibition of glutamine for- 
mation in transgenic plants, but not in the surrounding 
“weeds.” 


Rapeseed plants resistant to Basta were used to find 
out their ecological fitness compared to conventional 
rapeseed plants over 3 years in three different climatic 


Fig. 7.38 This is the 
devastating effect of Basta 
(phosphinothricin) on the 
author’ s lawn in Hong Kong. 


Fig. 7.39 Label of soybeans 
tolerant of Round Up, a 
glyphosate-based herbicide. 


Fig. 7.40 Ecological farming 
allows wildflowers on the 
boundary ridge (top). A bunch 
of wildflowers from a wheat 
field. Beautiful! 
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Box 7.8 The Expert’s View: 
Reconstructing the Tree of Life 


The biodiversity of our planet is 
overwhelming and much of it is still 
undiscovered. 


We know that planet Earth is home to more 
than 10,000 species of bacteria, over 250,000 
single-cell organisms, algae, and fungi, 35,000 
cryptogams, 250,000 spermatophytes, 

1.2 million invertebrates, and over 51,000 
vertebrate species. The number of (still) 
existing species is estimated to be in 

the region of 10 million or higher, as the 
records of bacteria, fungi, and invertebrates 
are far from complete. 


The Earth came into existence approximately 
4.6 billion years ago, and the first forms of 

life appeared 3.5 billion years ago in the 
shape of cyanobacteria, i.e., bacteria capable 
of photosynthesis. Over the following 1.7 
billion years, the various branches of bacteria 
(eubacteria and archaea) evolved, and from 
these, in turn, came the eukaryotes 1.8 billion 
years ago. 


Multicellular forms of life, such as plants, 
fungi, and animals, came into existence in the 
last 800 million years. All living organisms 
consist of cells that cannot develop de novo, 
i.e., out of nothing. A cell is always derived 
from another cell (mother cell), so there is 

an uninterrupted line of cells into the past. 

"^ Omnis cellula e cellulae," the adage coined 
in 1885 by Rudolf Virchow (1821—1902), 
remains valid. 


In the course of evolution, species kept 
appearing while others went extinct, which 
leads us to believe that the species existing 
today are just 10%—or perhaps only 
1%—of all species that ever existed on 
Earth. 


Taxonomy and systematics are involved 
in the study of biodiversity. 


One of the traditional fields of biology is the 
study of biodiversity past and present. 


Species are described and assigned a 

Latin name (taxonomy). The system goes 
back to the Swedish naturalist Carl van 
Linné (1707-1778), who suggested the 
nomenclature that is used to this day. In 
Species plantarum (1753), Linné introduced 
a binary system in which the first part denotes 
the genus, the second the species. Deadly 
nightshade, for instance, is part of the genus 
Atropa and it was assigned the species name 
belladonna. Several closely related species 
form a genus, genera form a family, and 
families form an order. 


268 


Taf П. 
Phanerogamae ПЕ (багы) 
Preridophyta AFilirinae) iT E (pate TP 
Filices 4 аар 2 позай 
v Coopterides (жй. \ 
I v V ч ex 
alumine Sigitleriae дой! те) 
Ly V дунне) 
рае f (ута. Ms 
rc y | утере j Л 
Ба files ор" 
Equise N А 
famae Pa 
LIT Angighpermae 
\ нун. \ | 
| рота) » 
| 6 e 
| AW d э. (Рай) 
m A poms Pucoideae (усов) V 
"LY Mr 2 SPAN 
Bryophyta} M Florideae | 
7B uw. Kr hatan g ka AA 
| Phyllebrya \ 
Ү?енёөхле) 
" ү, 
Hepaticae 
= 
Bryophyfa б 
г Inophyta 5 
(Nemalephy ta) ү 
„\ш‹епе\| Сей 
Fungi N 
ped 2 
*Inophyta Ye 


Stammbaum des Pflanzenreichs 
entworfen and gezeichnet von 
Ernst Haeckel. Jena. 1566 | 


Phylogenic tree of plants, drawn by Ernst Haeckel 
(from Allgemeine Entwicklungsgeschichte der 
Organismen (General developmental history of 
organisms), vol. 2, 1866). 


In deciding which species could be closely 
related, taxonomy (defined as the science of 
classification or nomenclature) moves into 
the domain of systematics (the science of 
relatedness between living organisms). In 
other words, systematics aims at establishing 
the relationships between currently existing 
Species and their predecessors by direct 

or indirect means. Many of the species 
disappeared without a trace, whereas others 
left a fossil record. 


Understanding biodiversity and the phylogeny 
behind it is not only desirable for scholars 

of taxonomy and systematics, but also 
desirable for specialists in biotechnology. 
Many different species are being used for 

the production of antibiotics or recombinant 
active agents. Many more are probably 
suitable for such purposes, but they have been 
overlooked so far. Plants, microorganisms, 
and sessile marine organisms produce a large 
diversity of secondary metabolites that protect 
against pests, predators, and microbes. Many 
of these natural substances are biologically 
active and could be used for pharmaceutical 
and medical purposes. Often, closely related 
Species produce similar substances. This is 
where bioprospecting, the targeted search 

for such candidate substances, comes in, and 
the better the knowledge of phylogeny, the 
greater the likelihood of identifying a suitable 
organism. 


Charles Darwin (1809—1882), father 
of the theory of evolution, had a vision 
that systematics would represent the 
tree of life, reflecting phylogeny in every 
detail. 


This idea inspired Ernst Haeckel 
(1834-1919), a young aspiring biologist, 
who began drawing up the main branches 
of organisms in the tree of life during his 
early teaching years. These branches were 
based on morphological and anatomical 
characteristics (see diagram). In the early 
stages, taxonomy relied mainly on anatomy 
and morphology, and assigned organisms 
with similar characteristics to the same 
groups. In the course of the 20th century, 
biochemical and ecological characteristics, 
as well as behaviors in animals, were also 
considered. АП of these characteristics are 
subject to evolutionary adaptation, and it 

is not surprising that the results of early 
systematics were not always satisfactory and 
led to different interpretations by scientists. 
This, in turn, led to several attempts at 
restructuring the systematic tree of life—the 
phylogenetic tree. 


Reconstructing the evolutionary past 
through DNA analysis 


All genetic information is stored in the same 
way in all organisms—whether bacteria or 
humans—as DNA that is passed on from 

one generation to the next. The DNA double 
helix is a relatively stable molecule with a 
highly conserved base sequence. However, 
minor errors—such as a nucleotide exchange 
leading to mutations)—may occur when 
DNA is passed on from one generation to 

the next. These mutations can be caused 

by an environmental impact (such as UV. 
adiation) or happen spontaneously. Although 
he DNA copying process is generally 
extremely accurate, there may be the odd 
error. Mutations as well as reading errors 

ead to changes in DNA sequences over 

time. Such changes in DNA sequences are 
investigated with software programs in 
molecular evolutionary research to trace back 
he relatedness of currently living organisms. 
The underlying assumption is that similarities 
in the sequences point to a close relationship. 
Mutations occur on a more or less regular 
basis. Thus, for each gene, a kind of 
molecular clock can be established that helps 
o date diversification events. In other words, 
a DNA sequence has the same value for an 
evolutionary biologist as a ceramic shard 
might have for an archaeologist, and it could 
open insights into the distant past. 


Research on phylogenetic trees also benefited 
greatly from the rapid progress in DNA 
analysis (PCR and DNA sequencing). 


Sequencing genetic markers in mitochondrial 
DNA (mtDNA), chloroplast DNA (cpDNA), 
and the nuclear genome, as well as 
sequencing entire genomes, are ways for 
evolutionary biologists to establish the 
degrees of relatedness between species, 
genera, and families. The resulting DNA 
trees are now relatively reliable, often 
confirming phylogenetic connections that 
were established through anatomical and 
morphological characteristics. However, huge 
discrepancies were also revealed, leading 

to significant changes in the taxonomy and 
systematics of many organisms. As this 
research is far from being completed, many 
such changes are yet to be expected. I would 
ike to illustrate this using an example from 
he systematics of plants. 


The molecular phylogeny of plants 


Ever since Linné, classical taxonomy 

has relied heavily on the structure of 
owers for classification, such as the 
number of stamina, petals, and sepals, as 
well as leaf shapes and growth patterns. 
Over the past 50 years, the presence 

of biochemical characteristics was also 
included, such as alkaloids, glycosides, 

and polyphenols. These are known as 
secondary metabolites. Both morphological 
and biochemical characteristics, however, 
are very much subject to adaptation and 
similar characteristics do not necessarily 
indicate that two plants are closely related. 
Therefore, botanists began, over 20 years 
ago, to analyze the sequences of certain 
DNA markers from the chloroplast genome 
e.g., rbcL) or the nuclear genome (e.g., 
ITS) in the entire plant kingdom. This 
became the basis for a new systematic 

ree for plants (see diagram above), and it 
deviates significantly from the phylogenetic 
rees developed by Haeckel (previous page). 


At the base of the tree of embryophytes 

land plants) are mosses, from which the 
other cryptogams (lycopods, ferns, and 
horsetails) are derived. When flowers and 
seeds developed instead of spores, this 
represented a key innovation in evolutionary 
erms—the emergence of spermatophytes. 
These can be divided into two major groups, 
he gymnosperms (literally, naked-seed 
plants) and the angiosperms (covered-seed 
plants). It was originally thought that among 
he angiosperms, monocotyledons were 
near the base of the tree, but it turned out 
hat they are derived from early dicotyledon 
plants. In other words, monocotyledons with 
a single cotyledon share a derived, not an 
original characteristic. The new, DNA-based 
systematics not only reshuffled large groups, 
but also resulted in a rearrangement of taxa 
within orders and families. 
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Phylogeny of Land Plants 


Liverworts 


Gymno- 
sperms 


Seed 
Plants 


Angio- 
sperms 


Molecular phylogenic tree of land plants, 
based on APG III Angiosperm 
Phylogeny Group III 


Outlook 


In view of the probably 10 million currently 
existing species, it will be a while yet until all 
relations and connections can be elucidated. 
However, molecular phylogenies will soon be 
available for all major groups of organisms. 
Advances in DNA sequencing technology 
(next-generation sequencing and other high- 
throughput methods) will enable researchers 
to analyze not just individual genetic 
markers, but entire genomes. This will give 

a deeper and more detailed insight into the 
evolutionary past. Charles Darwin's vision 
is about to become a reality. 


Michael Wink is a Professor and Director 
at the Institute for Pharmacy and Molecular 


Lycopodium 


BETON 


Asterids 


Biotechnology at the University of Heidelberg. 
He is the editor of the textbook "An 
Introduction to Molecular Biotechnology" 
(Wiley VCH 2006). 


His fields of research include medicinal 
plants and the action mechanisms of 

their active constituents. He has a special 
interest in molecular evolutionary research. 
He and his team have made significant 
contributions to the elucidation of 
phylogenetic relations in various plants, 
insects, reptiles, and birds. 


He would like to thank Ted Cole for 
preparing the graphics of the phylogenetic 
trees. 
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Fig. 7.42 Toxic protein crystals from Bacillus 
thuringiensis kill caterpillars. 
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Fig. 7.41 Glutamine synthetase (top: view from 
above). Phosphinothricin (PPT) inhibits glutamine 
synthetase (GS), a key enzyme in plants. Ammonia 
accumulates (bacterial GS is shown here), and 
this causes weeds to die. Bottom: on the other 
hand, PPT acetyl transferase in transgenic plants 
acetylates the PPT amino groups and inactivates 
the PPT; no further GS inhibition occurs and the 
plants thrive. 


regions of England. The results were published 
in Nature in 1993 and aroused widespread 
discussion. The transgenic rapeseed plants 
had “оп average less invasion potential" than 
nontransgenic ones. Opponents to release still 
criticize that model trials are always faulty, and 
viewed overall, the transgenic rape seed was 
indeed generally inferior, although it could 
still be superior at specific individual sites in 
England. 


E 7.15 Biological Insecticides 


In some developing countries, approxi- 
mately 80% of the harvest is destroyed 
by insects or rodents, while a loss of only 
25-4076 occurs in Europe. Insects are also 
feared in tropical countries as carriers of 


malaria (Anopheles mosquito) or sleeping 
sickness (tsetse fly). Judging from the num- 
ber of infected people, malaria is the most 
prevalent disease in the world, with 218 mil- 
lion cases of malaria in 2018 and 416,000 
deaths. 


The fight against certain insects is, therefore, 
essential. In past, this has been carried out 
using chemicals, but the insecticides do not 
just destroy pests. They also destroy many 
other insects with which they come into 
contact, disturbing the sensitive ecological 
balance. They gradually poison other living 
creatures, such as insecteating birds or the 
fish-eating bald eagle (the national bird of 
the United States), which is at the top of the 
food chain (Fig. 7.46). In the end, insecticide 
residues also reach human food via the food 
chain, and insect pests all over the world are 
developing resistance. To fight them, poison 
quantities are being increased or new types of 
insecticide are being used, creating a vicious 
circle. 


Discovered by Ernst Berlinger (1880—1957) 
in the German state of Thuringia, Bacillus 
thuringiensis has proved its worth over the 
years in killing caterpillars. It is sprayed onto 
the fields and eaten by the caterpillars as they 
feed. At first, the microbes only form mildly 
poisonous crystalline proteins (Fig. 7.42), 
which changes into poison in the caterpillar's 
bowel and perforates the bowel. The trophi 
are paralyzed at the same time, killing the 
caterpillar. Bacillus thuringiensis is bred in 
bioreactors on a large scale and a metric ton 
of the microbe product Bt-Toxin is sufficient 
to clear 740 acres of forest, fields of beet, 
cotton, or fruit plantations of insect pests 
(Fig. 7.43). 


The subspecies israelensis of Bacillus 
thuringiensis has proved its worth against 
mosquitoes and gnats. In the past, use 
of insecticides often caused severe harm to 
the whole animal kingdom, but in garden 
centers, it has long been possible to buy a 
product for the garden pond derived from 
B. thuringiensis var. israelensis. lt works 
Specifically against mosquito larvae and not 
against beneficial insects such as bees. It is 
therefore completely harmless to humans, 
fish, and warm-blooded creatures. 


New strains of bacteria are effective 
against the larvae of the Colorado beetle 


Fig. 7.44). Forest pests such as the green oak moth 
and various types of spiders can also be targeted and 
destroyed, as can house flies and the caterpillars of 
the brown tail moth, without killing other insects and 
bees. 


In spite of all the successes, however, the use of Bt toxin 
is low compared to other insecticides and it is limited to 
specific cultures. It is rapidly degraded by UV rays and 
it does not usually reach the roots of plants or insects in 
the plant stems. 


The nextlogical step was to isolate the Bt gene, reproduce 
it, and insert it into plant cultures with Agrobacterium. 
This would mean that only insects that are parasites on 
the transgenic plant are affected. Transgenic Bt corn, 
resistant to the European corn borer, has been approved 
in the United States and in the EU. Germany, however, 
stopped cultivating Bt corn in 2008. Cotton, tobacco, to- 
matoes, potatoes, and poplars have been provided with 
Bt genes (Box 7.5). 


Do insects not become resistant to Bt corn? This 
can occur if there is massive selection pressure. The 
emergence of resistant insects, however, is a slow 
process. 


After all, the arthropods do not usually migrate from 
Bt fields to fields with nontransgenic plants. Insects 
that thrive on nontransgenic plants are not subject 
to selection pressure. Recessive (suppressed) insect 
resistance genes, therefore, do not have a selection 
advantage. 


In the United States, farmers must cultivate fields with 
non-Bt plants next to Bt fields. Establishing such ref- 
uge areas is the most important measure in place there 
for avoiding the development of Bt-resistant pests and 
delaying their spread. These areas are intended to en- 
sure that “normal,” nonresistant pests survive to mate 
with resistant pests—if available—in the neighboring 
Bt corn field. With recessive resistance genes, however, 
mixed offspring (with only one resistance allele) cannot 
survive in Bt corn. In order to ensure this, Bt plants 
should contain the Bt toxin in far higher quantities than 
are required to destroy nonresistant (and not homozy- 
gous resistant) insects. 


Itis easy for large farms in the United States to cope 
with losing so much land to refuges, but it seems that 
enforcement of the regulations is somewhat indifferent. 
In Europe, however, this affects small alternative 
farmers who do not have any additional areas as 
refuges. 


Another question under examination is whether 
herbicide-resistant genes can be passed on from 


crops to weeds. These wild plants would then be even 
more rampant (e.g., from transgenic rapeseed to the re- 
lated charlock mustard [wild mustard| and jointed char- 
lock (wild radish)). 


As a rule, genetically engineered plants do not have 
better survival chances in Nature, or at least, there 
has not been any evidence to refute that so far. They 
are grown where nonmodified plants are also grown, 
and no new species have appeared with devastating con- 
sequences to the ecosystem like the giant hogweed in 
Europe or the rabbit in Australia. 


And what about pollen dispersal? (Fig. 7.45). That 
has been intensively examined with regard to Bt corn. 
The results of experiments in Germany available so 
far clearly show that the share in the trial harvests 
rapidly declines the further it is from the Bt corn 
parcels. 


The shares of GMO (genetically modified organ- 
isms) above the 0.9% threshold value for definitive la- 
beling are only found within a 10-m strip immediately 
next to a Bt corn field. At greater distances, the GMO 
values are usually less than the 0.976 threshold. 


Conventional corn harvested in a 10-m-wide strip 
around the outside of a Bt corn field must be labeled, 
as the GMO part will be greater than 0.976. Corn fur- 
ther away is not labeled because of its lower GMO 
component and it can be used without limitation or 
restriction. 


Farmers who grow Bt corn should therefore position 
a separating strip of 20m around the areas with 
GMO corn, thus ruling out economic damage to neigh- 
boring operations as a result of cross breeding. 


ш 7.16 Blue Carnations and Antimush 
Tomatoes 


The gene for the *glow-worm enzyme" luciferase 
was successfully introduced in cells of the tobacco 
plant (Fig. 7.47 shows the structure with the active 
site). If the luciferin substrate reached the plants 
in runoff water and was altered by luciferase with 
energy-rich ATP, the genetically modified plants ac- 
tually began to glow greenish yellow! The luciferase 
gene is, for scientists, an easily recognizable marker 
that indicates which gene is “switched on” in which 
parts of the plant. 


There are now almost no limits to what can be imagined. 
Transgenic blue carnations have been licensed by the 
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Fig. 7.43 Product to 
control the Colorado 
beetle, made from 
Bacillus thuringiensis. 


Fig. 7.44 Colorado beetle 
larvae. 


ч 
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Fig. 7.45 Pollen trap to 
ascertain the flight of pollen 
from transgenic plants. 

There is a fear that there may 
be interactions with other 
cruciferous plants such as 
charlock mustard or jointed 
charlock, especially with 
canola/rapeseed. 
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“There was once а town. 

in the heart of America 
where all life seemed to live in 
harmony with its surroundings 


T began to change ... 
ap ees a strange sies j 
The few birds seen anywhere 
‘were moribund; they trembied 
violently and could not fly.” 

. Rachel 


* in her famous. pons 


Fig. 7.46 Rachel Carson 
(1907-1964) was the first 
person to warn about pesticide 
misuse. 
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Box 7.9 The Expert’s View: 

Susan Greenfield About 21st 
Century Technology Changing Our 
Lives: Food and Aging 


The acclaimed British neuroscientist 
Baroness Susan Greenfield shows in 
her bestselling book that everything 
we take for granted about ourselves— 
imagination, individuality, memory, 
love, free will—could soon become lost 
forever. Only by harnessing technology 
in a humane way, she argues, can we 
preserve our unique sense of self and 
hold on to what makes us who we are. 


The following short extract from her 
exciting book deals with our future 
lifestyle, the food we will eat, and aging: 


... You settle down to your meal—this is 

one of the few remaining experiences that 
are "real," involving an interaction with the 
atomic, physical world and a direct sensory 
experience solely within your physical body, 
and no one else's. As you indulge in chewing, 
sniffing, tasting, and swallowing—you reflect 
how attitudes to GM (genetically modified) 
foods have changed in a relatively short 
period of time. 


The first GM foods contained the actual 
substance of the source organism, as tomato 
purée does; more frequently now, however, 
they consist of purified derivatives that are 
actually indistinguishable from the non-GM 
organism, such as lecithin and certain oils 
and proteins from soya. Since the GM 
lecithin is chemically identical to its non-GM 
counterpart, it is hard to see how it presents 
any additional health risk. 


The problem at the turn of the century was 
the impossibility of guaranteeing the purity 
of each substance. Nowadays, focused tests 
are still needed to ensure that alien additional 
sequences are not absorbed by human tissues 
or into gut microorganisms. 


Will today' s barbecue still be popular in the 
future? 
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GM foods have now, for several generations, 
been part of the culture with no disastrous 
consequences; so, the public is more 
accepting. 


Opinion first began to change when 

people realized that there was simply no 
alternative way to feed what was then 
known as "the developing world," that vast 
majority of technologically disenfranchised 
humanity that cast such a shadow over 

the achievements of the early part of this 
century; according to UN estimates of the 
time, 800 million around the globe were 
undernourished. 


As well as combating mass starvation, the 
use of GM foods has reduced the number of 
children suffering from blindness due 

to Vitamin A deficiency from 100 million 
to zero. 400 million women of childbearing 
age no longer suffer from iron deficiency, 
Which had increased the risk of birth defects. 
Rice is now routinely engineered to contain 
В-сагоїепе, ready for conversion by the body 
into iron and Vitamin A (see Box 7.8). 


Astronauts' food: food of the future? 


Here is a typical entree shown aboard moon 
missions. A freeze-dried meal block would be 
reconstituted with a hot or cold water gun 
through the valve at lower right, then after 

a prescribed time, voilà: the astronaut opens 
the double ziplocks and spoons the food out. 


And pests had been a problem for crop- 
growers: e.g., 776 of all corn had had to be 
destroyed. The use of GM crops, engineered 
to be pest-resistant, eliminated such wastage, 
as well as providing an attractive alternative 
to highly toxic pesticides. 


However, the biggest incentive for wholesale 
acceptance of GM foods ended up being, 
quite simply, personal gain. Interestingly 
enough, the gain now has nothing to do with 
health or nutrition. 


Top: Cube-shaped water melons are a big-selling 
hit in Asia. Middle: “Kifli” is the name of a 
fingerling heritage potato received some years 
ago by the Canadian Potato Gene Resources 
Repository. Kifli is an attractive, smooth- 
skinned, curved, small potato. Fingerling 
potatoes, of which the Repository has several, 
are particularly useful as fresh whole potatoes or 
as salad potatoes. Bottom: A new fruit creation 
by the author: the “Strawbernana” (Banana 

with strawberry taste), my two favorite fruits 
combined in one! 


You look out into a world that is no longer 
composed of the muted mists and shades of 


previous centuries. Instead, because much 

of your time is spent processing artificial, 
heightened, and bright colors, unmodified 
carrots, spinach, or tomatoes would appear 
dull and unappetizing compared with their 
iridescent modern counterparts. Now that the 
ood has become the main vehicle for that rare 
and prized phenomenon, direct stimulation 
of the senses, manufacturers have realized 
that by genetically modifying the nonessential 
eatures that sledgehammer the senses they 
can make their consumers happy. 


For a long time, the taste of each ingredient 
has been genetically engineered to be much 
more intense. Any edible substance can take 
on the flavor of any other. This flexibility 

is just as well since the production costs of 
"real" chocolate, e.g., preclude it as a viable 
product, as do the prohibitive amounts of 
sugar it contains. 


The colors of foods, too, are far more vivid 
and standardized. And not just color—the 
physical form is more attractive too. Food also 
comes in a vastly more varied range of shapes 
and sizes. Thanks to genetic engineering, as 
well as precision manipulation of the atoms 
that constitute matter (nanotechnology), you 
can now choose to have cuboid vegetables 
or meat in geometric shapes. So, bulk 
stacking in the fridge is easier, and the fridge 
can monitor consumption rates more easily, as 
the scanning tags are all in a uniform position. 


Another advantage over "natural" food is that 
everything is now bioengineered to be easier 
to prepare; e.g., grains now come with 
encapsulated liquid that is released when 
microwaved. Dripping, messy sauces are also 
a thing of the past and are now integral, not 
free-flowing but magnetized so that you can 
rub them off with a fork or a finger. Moreover, 
it is almost impossible to obtain food that has 
not been enriched with vitamins, minerals, 
and other agents such as fish oils that ensure 
optimum body maintenance. 


The nutraceuticals industry is flourishing 
as never before. Potatoes are engineered to 
combat constipation; cucumbers come in a 
purple variety, with as much Vitamin A as 
cantaloupe melons; carrots are maroon in 
color because they contain beta-carotene in 
massive amounts to improve night vision; 
and the salad dressing will lower cholesterol 
with regular use. Particularly popular is the 
bespoke nutraceutical option: food is custom- 
engineered for you, not just to deliver your 
particular taste preferences but also to cater 
for your particular health requirements. 


Your personal medical profile is 
monitored and fed into a continually 
updated program that engineers foods with 


supplements according to your particular 
needs. Yet, like everyone else nowadays, 

you cannot easily draw a line between the 
genetic engineering employed to produce 
interesting food that hyper-stimulates your 
now cyber-jaded senses and that designed to 
optimize your health by direct intervention at 
the genetic level, be it for prevention or cure, 
of disease that is very much the dominant 
medical strategy ... 


Nanoinjector with red blood cells. This 
image by Coneyl Jay, originally titled 
"Nanotechnology," was the winner of the 
2002 Visions of Science Award by The 
Daily Telegraph of London and Novartis. 

It was created to show one of the possible 
applications of nanotechnology in medicine 
in the future—microscopic machines 
roaming through the bloodstream, injecting 
or taking samples for tests. 


Nanomedicine 


... Another cornerstone of late-21st-century 
healthcare is nanomedicine: miniature 
devices patrol your body, giving early warning 
of possible problems or delivering just the 
ight amount of medication to just the right 
place. These new therapies, combined 

with advances in traditional treatments and 
knowledge of disease as well as healthier 
ifestyles, all add up to longer life expectancy. 


A thousand years ago life expectancy was 
just 25 years, but even by 2002, in Britain, 
men and women could expect to celebrate 
their 75th birthdays, and a female born at 
that time already had a 40% chance of living 
150 years. By 2050 there were 2 billion 
people over 60 years old worldwide, with 
such “seniors” making up a third or more 
of many populations. Much had happened 
over the previous few decades for such long 
lifespans to be truly the norm. 
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Everyone now recognizes that aging is 
not a specific disease but a general 
deterioration of the many processes 

that sustain body function; of these, the 
most feared is still a decrease in vitality 
and often degradation of intellect. Now 
science holds the promise not just of 
protracting mere existence but also of 
actually extending active life. For a long 
time now, people have been aware of the 
need to view the mental abilities of older 
people in their own terms, rather than in 
comparison with immature, growing 
brains ... 


Susan Adele Greenfield, Baroness Greenfield 
(b. 1950) is a British scientist, writer, 
broadcaster, and member of the House of 
Lords. Greenfield is Professor of Synaptic 
Pharmacology at Lincoln College, Oxford 
University and Director of the Royal 
Institution. Susan Greenfield’s research is 
focused on brain physiology, particularly 
the etiology of Parkinson's and Alzheimer's 
diseases, but she is best known as a 
popularizer of science. 


Professor Baroness Susan Adele 
Greenfield 


Susan Greenfield has written several 
popular science books about the brain 
and consciousness, and she regularly 
gives public lectures and appears on 
radio and television. In 1994, she gave 
the Royal Institution Christmas Lectures, 
then sponsored by the BBC, entitled “The 
Brain.” From 1995 to 1999, she gave 
public lectures as Gresham Professor of 
Physics. Greenfield created three research 
and biotechnology companies, Synaptica, 
BrainBoost, and Neurodiagnostics, which 
research neuronal diseases such as 
Alzheimer's disease. 


Cited Literature: 


Greenfield S (2004) Tomorrow’s People. 
How 21st Century Technology Is Changing 
the Way We Think and Feel. Penguin Books, 
London. 
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Fig. 7.47 The enzyme luciferase, 
obtained from glow-worms, was 
the first biomarker to make the 

expression of cell genes visible. 


şs 
Хе «892 
A VUE oy 


Fig. 7.48 Transgenic blue 
carnations as a result of gene 
transfer from petunias (top). Below: 
the result of the gene transfer. 


SUNTORY 


Fig. 7.49 The author with Suntory’ s 
first Green Biotechnology result (top) 
and a vision of blue roses (below). 
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Australian company Florigen to the Japanese 
whisky company Suntory. To create them, a 
gene from petunias was transferred to the car- 
nations (Fig. 7.48), and the petunia enzyme cre- 
ated a wonderful blue pigment in the carnation. 


The main pigments in plants come from an- 
thocyanins and yellow carotenoids, the three 
primary plant pigments being cyanidin, pel- 
argonidin, and delphinidin. The enzyme di- 
hydroflavinol reductase (DFR) modifies all 
colorless pigment precursors into colored 
products, and any mutation in the DFR gene 
results in white flowers. 


The delphinidin synthesis gene is missing in 
carnations. Florigen transferred the delph- 
inidin gene from blue petunias to car- 
nations and combined it with the mutated 
carnation DFR gene. The carnations were 
therefore colorless, and the blue of the pe- 
tunias easily prevailed, resulting in the blue 
carnations Moondust and Moonglow, which 
are a hit on the Japanese and American 
markets. 


However, the dream target is the blue rose 
(Fig. 7.49), which we should be able to create 
with RNA interference (RNAi, Chapter 9). 


Genetically engineered foods are at the 
moment still rejected by the majority of 
Europeans, but when it comes to health, there 
is another group that approves of biotechnol- 
ogy, and there are hardly any European diabet- 
ics who refuse insulin that has been created 
through genetic engineering. 


Tomatoes are the favorite object of plant 
breeders and users! 


Transgenic tomatoes ripen more slowly, 
have a thicker skin, and contain 20% more 
starch, which pleases the ketchup produc- 
ers. These “Flavr Savr’ tomatoes are not ripe 
until the user requires them, and they rot 
less quickly. 


The idea came from the Californian company 
Calgene, Inc. Until now, tomatoes have been 
harvested while they are still green to avoid 
them ripening and going soft before they reach 
the market. They are then treated with eth- 
ylene gas to turn them red, but they do not 
really develop any flavor. However, with ge- 
netically engineered tomatoes, the fruit stays 
on the plant until it is ripe. 


The gene for the enzyme polygalacturonidase 
(PG) is responsible for softening the cell wall of 
the tomato and rendering it defenseless against 
bacteria, breaking down pectin (see Chapter 2). 
After all, the point of fruits is to distribute the 
seeds they contains as quickly as possible. 


The gene has now been "turned off" and we 
have Flavr Savrtomatoes. How do you switch 
off a gene? Antisense technology is used, 
which is a very important, new technique, 
hence the explanation in the polygalacturo- 
nidase (PG) example. The gene (in the DNA 
double helix) for PG is localized in the cell nu- 
cleus by a polymerase in single-strand messen- 
ger RNA for PG (PG mRNA); it then reaches 
the ribosome through the cytoplasm and is 
expressed there. The relevant amino acids are 
tied to the PG protein, which is converted to 
the active РС enzyme. 


How can that be prevented? A synthetic 
anti-PG gene is inserted into the DNA in the 
cell nucleus, and this is changed into anti-PG 
mRNA during copying. This is complementary 
(or a mirror image) to the PG mRNA. 


What happens now if both meet on the way 
to the ribosome? Both are single strands and 
bind to form a double strand. However, a dou- 
ble strand will no longer be accepted by the 
ribosome and will be destroyed by the cell as 
"foreign DNA." The production of PG does 
not, therefore, occur. 


The same antisense technique is increas- 
ingly used for medicinal products as well: 
this has given rise to a new class of biotech 
products. Isis Pharmaceuticals (Carlsbad, 
California) received approval from the 
FDA in 1998 for the first antisense drug 
Vitravene with the active substance formi- 
virsen. As a result, cytomegaly retinitis, a 
disease of the retina in AIDS patients, can 
be treated for the first time; whereas, in the 
past, it inevitably led to blindness. Drugs 
against cancer and inflammation are also 
now being developed on an antisense basis 
(see Chapter 9). 


B 7.17 Danger From Genetically 
Modified Food? 


The concepts of "genetically modified toma- 
toes," "genetically modified corn," or "geneti- 
cally modified food" are all misleading. 


All plants eaten by humans or animals natu- 
rally contain genes or DNA. Everyone ab- 
sorbs about a gram of DNA every day 
with their "normal" groceries, no mat- 
ter whether this DNA comes from animals, 
plants, or bacteria: These do not change peo- 
ple. Genes or DNA are just biological informa- 
tion. As a food component, they are harmless 
chemicals that are quickly broken down in 
the stomach or bowel. 


The Flavr Savrtomato was the first approved 
genetically modified food product in history. 
The properties, not the production methods, 
were tested for user safety in accordance with 
the regulations of 1992 by the FDA. 


The fact that a gene for antibiotic resis- 
tance was used was, therefore, not a safety 
risk for the FDA, which thought that the 
Calgene tomato did not differ significantly 
rom a nonmanipulated tomato and, there- 
ore, had the essential characteristics of a 
normal tomato and was as safe as a normal 
tomato. 


In the end, the genetically modified tomato 
was not successful. It achieved “little mar- 
ket penetration." The source species was not 
of particularly high quality and tomatoes that 
ripened on the vine were damaged by the har- 
vesting machinery, which was designed for 
unripe fruit. 


What happens, though, if a transgenic product 
now actually tastes better than the former 
products, contains less pesticide and more 
active substances such as vitamins and oils, 
and also costs less? 


Transgenic potatoes (Fig. 7.51) with 2576 
higher amylopectin content (branched starch) 
have already been created. Amylopectin is 
more suited to processing than unbranched 
amylose. 


A new type of potato has been developed at 
the Max Planck Institute for Molecular Plant 
Physiology in Golm (Germany). Thanks to 
the introduction of two genes, it forms in 
its tubers not just starch but also the special 
carbohydrate fructan (also known as inulin). 
This type of roughage is abundant in arti- 
chokes and chicory and it has been attributed 
with a health-enhancing effect (Figs. 7.51 
and 7.52). 


The fructan potato is, indeed, still a long way 
from being introduced onto the market, but 
it is an interesting model organism for safety 
research. 


The basic element is fructose, which is associ- 
ated with long-chain molecules. These bonds 
between fructose units cannot be broken by 
human digestive enzymes. 


The consequence is that unlike plant 
starches, fructan passes through the stomach 
and bowel unchanged. In the large bowel, 
it stimulates the growth of certain use- 
ful bacteria. Fructan is therefore roughage 
with a probiotic effect; i.e., it improves the 
bowel flora and promotes “good” bacteria at 
the cost of "bad" ones. That means that in 
addition to good digestion and an increased 
uptake of certain minerals, some studies have 
also found evidence of improved serum lipids 
less cholesterol) and a lower risk of bowel 
cancer. 


In the meantime, various food products 
enriched with fructan or other oligosaccha- 
rides are having great market success. In 
the main, things such as yogurts and milky 
desserts are combined with fructan addi- 
tives (prebiotics) with certain "healthy" 
actic acid bacteria so that their positive in- 
fluence is enhanced. 


After the Golm Max Planck Institute suc- 
ceeded in finding the gene for the two crucial 
biosynthetic enzymes for forming fructan in 
the artichoke genome and transferred it into 
the potato genome, the potato tubers were 
actually producing fructan in the long chain, 
particularly digestion-stable variation, which is 
typical of artichokes. The Golm potatoes may 
well consist of up to 5% fructan (in relation to 
dry weight), but it will still take several years 
until consumers can buy the new type of po- 
tato to balance the low supply of inulin in their 
daily diet. 


Transgenic canola (rapeseed) and soy- 
bean varieties with a higher content of the 
essential amino acid lysine have a higher nu- 
tritional value. Transgenic rapeseed with a 
changed spectrum of fatty acids is becoming 
a competitor for oil palms because lauric 
acid (C;5), which is an important raw mate- 
rial for the production of cold water-soluble 
surfactants, only occurs in coconut and palm 
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Fig. 7.50 John Innes of the University of 
Norwich produced purple tomatoes through 
gene transfer. The purple color comes from 
anthocyanins, which inhibit the growth 

of cancer cells. The genes originate from 
snapdragons. 


Goethe about errors 


An error that remains underground like 
a foundation stone is merely built upon 
repeatedly and never brought to light 
again.—J.W. Goethe 
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Fig. 7.51 Top: Potato plants affected by potato 
blight (Phytophthora infestans) (front); healthy 
potato plants carrying resistance genes from 
wild potatoes (background). 


Bottom: First harvest of Amflora potatoes. 
Their starch composition had been changed by 
"switching off" a gene. The potato is used for 
industrial purposes only. 


Fig. 7.52 The genome of the potato, one of 
the most important crops, was sequenced 

in 2011. It will now be easier to breed virus- 
resistant cultivars. The global production of 
potatoes amounts to 300 million metric tons. 


Until recently, it has been difficult to 
solve major problems —such as the high 
susceptibility of potatoes to fungal and 
bacterial diseases — through breeding or 
genetic engineering. This was due to the 
complicated genetics of the potato plant. 
Targeted breeding will now be possible. 
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kernel oils; but, now the transgenic rapeseed 
oil also contains lauric acid. Malaysia is the 
main producer of palm oil and it sees this 
as a real threat. Should rapeseed be grown 
instead of palm trees destroying tropical 
jungles? 


Virus-resistant sugar beets resist BNYVV 
(beet necrotic yellow vein virus), which at- 
tacks leaves and reduces the sugar yield. 
Resistance is introduced by inserting into the 
plant the genetic information for a viral coat- 
ing protein so that the plant simulates infec- 
tion with the virus. 


Work is being carried out on plants resistant 
to Phytophtora infestans, the pathogen for 
potato blight, which led to the famines in 
Ireland in the 19th century. Phytophtora is 
the oomycete, which forced the Irish ances- 
tors of John E. Kennedy to emigrate. The 
irony of the story is that without "potato 
blight" Kennedy would never have become 
US President. 


Transgenic fungus-resistant plants produce 
cellulase, which attacks and dissolves the cell 
walls of the fungus. 


Genetically modified grapevines were re- 
leased in 1999 in Franconia and the Palatinate 
in Germany. The aim of the genetic engineer is 
to eventually find an effective strategy against 
harmful fungal pathogens. These are a big 
problem in viniculture, particularly for the tra- 
ditional varieties such as Riesling, Merlot, or 
Chardonnay. 


B 7.18 Should Genetically 
Modified Food Be Labeled? 


Must genetically modified food be labeled? 
Oliver Kayser of the Technical University of 
Dortmund (Germany) urges differentiation in 
the discussion: “No one is afraid of getting a 
red head if they bite into a tomato, although 
of course they are consuming the full tomato 
genome at the same time. |...] In principle, hu- 
man cells understand the information for the 
red color as well, but it cannot be produced 
because the prewired control elements do not 
function in humans.” 


So even if the “mush” gene of the tomato 
has been manipulated, humans do not have 


any tomato cell walls. However, there should 
of course be clear labeling of complex 
mixtures of recombinant products. Tomato 
ketchup contains both foreign DNA and the 
proteins coded by this DNA; so, it should 
be labeled. This was unclear, e.g., in highly 
refined sugar from root beard-resistant sugar 
beet. People thought sugar is sugar. New EU 
regulations have, therefore, come into force 
since 2005 (Box 7.5). They are not all logi- 
cal; but, they are steps in the right direction 
(Box 7.9). 


ш 7.19 Gene Pharming 


Genetically engineered hormones such as in- 
sulin and growth factors show that biotech- 
nology is indispensable (see Chapters 3 
and 9). The need for such hormones is in- 
creasing tremendously fast, leading to a new 
dilemma as we do not have sufficient pro- 
duction capacity. 


The “poor” Е. coli bacteria and mamma- 
lian cells will be totally overtaxed in the 
future. Experts such as Jörg Knáblein are, 
therefore, firmly convinced that transgenic 
plants will be the answer (Box 7.10). 


Their main advantage is their cost. Producing 
plants is 10-50 times cheaper than using Ё. 
coli and up to 100 times cheaper than mam- 
malian cells. A greenhouse costs 10 US dollars 
per m? compared to 1,000 US dollars per m? 
for animal cell cultures. A 10,0001. bioreactor 
for bacteria costs 250,000—500,000 US dollars 
and takes 5 years until it is up and running 
(Box 7.10). 


Transgenic animals (see Chapter 8) are cer- 
tainly good at producing drugs in milk, but 
animal protectionists have severe reservations, 
and the latest setbacks make an expansion of 
the technology appear increasingly improb- 
able. In contrast, there are no ethical 
or emotional problems with plants, so 
drugs can be grown in pharmaceutical plan- 
tations. Plant cells have yet another crucial 
advantage: 


The complicated proteins of higher living 
creatures continue to be modified in the cell 
after production. For example, complex 
sugars can be attached, without which 
many proteins are not active (see Chapter 4). 
Bacteria cannot do this; so, what is to be 
done? 


Box 7.10 The Expert's View: 
Plant Expression System —A 
*Mature" Technology Platform 


One out of four new drugs today is a 
biopharmaceutical product whose active 
substances have been produced in a 
bioreactor, whether it be bacteria, beer yeasts, 
insects, or hamster cells, animals, or plants. 
The market sector for these active substances 
is growing apace, but microbial fermentation 
is limited. 


For antibodies alone, the market value was 
US$115.2 billion in 2018 and it is expected 
o generate revenue of $300 billion by 
2025. Ten antibodies (see Chapter 5) use 
up more than 75% of industrial production 
capacity. At present, the use of transgenic 
plants as bioreactors has been gaining 
momentum. 


In a SWOT analysis (Strengths, Weaknesses, 
Opportunities, Threats), it is clear why 
transgenic plants are so well-suited to being 
an expression system for the production 

of biopharmaceuticals. These drugs can be 
produced cheaply and comparatively quickly 
in large quantities. 

Strengths: 


e development of additional production 
capacity 


e high production and high protein yield 
* short development time to protein 


e safety advantages: no human pathogens 
involved 


e Stable cell lines: high genetic stability 
* simple medium: water, minerals, and light 


e simple processing (e.g., ion exchanger) 


Weaknesses: 


* none of the drugs have yet been approved 
(Phase III) 


e the authorities have not yet provided any 
final guidelines 


So-called plantibodies, antibodies produced 
in plants, can already be produced in large 
quantities. 


Transgenic tomatoes would have to be clearly 
recognizable with, e.g., blue coloring, here, 
done by the author with photoshop. 
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Disadvantage 


Speed 


Operational costs 


Capital costs 


Advantage 


Glycosylation 


Assembly 


Folding 


Safety 


Possibility of 
increasing scale 


© Bacteria cs? Yeasts 
= 
sz Animal cell culture ЧИ. 


3. Plants 


Transgenic animals 


From: Trends in Biotechnology, 
vol. 20, no. 12, 2002 


Opportunities: 


e lower costs and higher profit margins are 
to be expected 


* prevention of production bottlenecks 


* protein glycosylation similar to humans 
(in contrast to bacteria) 


Threats: 
e contamination of the food chain 


e escape of DNA 


The “media” (basically water and nutrient 
salts) are cheap and free of germs (pathogens, 
viruses, prions, etc.), and the plants are very 
robust in relation to cultivation conditions. 
Transgenic moss, e.g., produces the required 
protein in large quantities at temperatures of 
15-25*C and pH values of 4-8. 


Antibodies have already been produced 
in transgenic tobacco against the adhesin 


of the caries bacterium (Streptococcus mu- 


tans) (Fig. 7.54). Vaccine production in 
potatoes and bananas has already been 
successfully tested. Potatoes with the pro- 
tein of some Ё. coli strains that lead to 


Schering’s partner Icon Genetics in Halle, 
Germany, cultivates genetically modified 
tobacco plants for the production of three 
biopharmaceuticals that have until now been 
produced in bacteria or cell cultures. The 

first protein involves an active substance 
already on the market, the second should gain 
approval as a treatment for Crohn’s disease, 
and the third is about to go into clinical 
development. The viral expression system of 
Icon Genetics is represented in the illustration 
and it shows very clearly how the virus has 
infected the majority of leaf cells after only a 
few days. These cells appear green under UV 
light because they express green fluorescent 
protein (GFP, see Chapter 8). 


Biopharmaceuticals are often too large and 
complex for chemical synthesis. In most 
cases, we are dealing with long-chain protein 
molecules that must be correctly folded and 


Fig. 7.53 Transgenic tomatoes would have to be clearly 
recognizable with, e.g., blue coloring. Here, done by 
the author with Photoshop. 
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filled with sugars and other molecules in 
order to be effective as antibodies, enzymes, 
messenger substances, or vaccines. 


The Director of Chemical Microbiology at 
Schering believes that the great charms of 
moss, corn, and tobacco are that they have a 
more lavish synthetic apparatus than bacteria, 
production would be unbeatably good, and 
the drugs produced in this way would be 
guaranteed to be free of animal germs. 


GFP (green) and DsRED (red) are both 
fluorescent proteins that can be used for 
controlling gene expression. 


It is also true that with plants, the devil is in 

the detail. Plants definitely have other sugar 
preferences when it comes to the synthesis 

of proteins. Genetically modified plants also 
present the basic danger that the changed genes 
will inadvertently be transferred to other plants. 


Researchers at Icon Genetics have found an 
elegant solution to these problems. Gene 
distribution is brought to a halt by, e.g., not 
permanently building into the plant genotype the 
growing instructions for the medicinal products. 
A happy side effect is that the production of 
active substances, therefore, runs at top speed. 


The company’s innovative procedure is 
directed at precision, speed, controlled 
expression, and safety in the processing of 
transgenes introduced into plants. 


DsRED is a recently cloned fluorescent 
protein responsible for the red coloration 
around the oral disk of the coral Discosoma. 
DsRED has attracted tremendous interest as a 
potential gene expression marker. 


The magnICON System is suitable for rapid 
gene/vector assembly and optimization as well 
as for high-throughput plant expression with 
optimum yield. ICON also offers the lexICON 
System, which enables the specific marking of 
genetically modified plants (“DNA barcode”). 


diarrhea (Enterotoxin B) have been ingested and 
have effectively protected human volunteers from 
the troublesome symptoms that accompany bacterial 


Experimental viral expression system: GFP 
(green) and DsRED (red) are both fluorescent 
proteins that are expressed together. 


The red fluorescent protein (DsRED) from the 
Indo-Pacific sea anemone Discosoma species 
and the green fluorescent protein (GFP) 

(see Chapter 8) are ideal markers for gene 
expression. 


The expression is shown in the illustration. In 
Picture 1, you can see the plant just after viral 
infection and in Picture 2, after about a week. 
Under UV light, you can see that almost all 


the leaf cells are producing GFP. Pictures 

3 and 4 show the same section. Under the 
microscope, you can see that the same cells 
express both GFP (green) and DsRED (red). 


This means that a cell can be doubly 
transformed. We could, e.g., produce both 
the light and heavy chains of an antibody 
in one cell. Such cells would also be able 
to functionally express a complete antibody 
consisting of light and heavy chains. 


My expectations for the future are therefore 
positive. Assuming that the clinical trials also 
go to plan, the drugs of today can, in the 
not-too-distant future, be at least partially 
replaced by identical active substances that 
originate from plants. 


Dr. Jörg Knäblein is technology 
scout at Bayer GmbH. 


This box was written in 2005, and as the 
updated figures show, the technology has reached 
the market. It is being used for the production of 
monoclonal antibodies, subunit vaccines, growth 
factors, fusion proteins, interferons and cytokines, 
protease inhibitors, clotting factors, and enzymes 
for replacement therapy. 
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B 7.20 Transgenic Plants —A Heated 
Debate 


infections. Just imagine eating an "anticaries to- The discussion about transgenic plants and geneti- 
mato" (Fig. 7.54). But, this immediately poses the cally manipulated food goes on. The main arguments 
question of safety (dosage). The plants would have to against it are of a rather political nature and diffi- 
be conspicuously labeled; e.g., the tomatoes would cult to refute. It is largely the interests of the large 
have to be colorless or have another color (Fig. 7.53). | companies and big farmers that are served, making 
What about blue? small farmers even more dependent, undermining 


Fig. 7.54 The establishment of 
caries bacteria (Streptococcus 
mutans) could, in the future, be 
prevented with antibodies from 
transgenic tomatoes or bananas. 
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Box 7.11 The Expert's View: 
Human Blood Protein in a Grain 
of Rice 


According to the Food and Agriculture 
Organization (FAO), 480 million tons of 
rice are harvested globally every year. Could 
not part of the rice crop be used to produce 
medically valuable substances at the same 
time—such as human proteins? 


At Wuhan University in Central China, we 
have run pilot trials that demonstrate that this 
can be done for a blood protein. 


The blood protein albumin fulfills 

two central functions: it regulates fluid 
distribution between blood and tissue 

and transports molecules through the 
bloodstream. Both functions are essential 
in serious liver disease or during dialysis, 
and there is a global shortage of albumin— 
currently over 500 tons per year. This has 
led to a steep increase in price and even 

to counterfeit albumin being circulated in 
China. Albumin is currently obtained from 
human blood plasma in a painfully slow 
procedure. There are also safety risks 
involved, as recipients may become infected 
with HIV or hepatitis. 


This is a highly sensitive issue here in China. 
In Henan Province, whole villages have been 
infected with HIV through the trafficking of 


contaminated blood plasma by criminal gangs. 


Genetically engineered (transgenic) plants 
would offer an alternative. Albumin was 
successfully produced in transgenic tobacco 
and potatoes, but the method eventually 
proved too costly. 


We therefore began to experiment with 

rice. Like other cereal species, rice suits the 
purpose well because it has the ability to 
store proteins in high concentrations 
over a relatively long time, and the 
process can be controlled with precision. 
We inserted the human albumin gene (i.e., 

a DNA fragment) into rice plants and—this 
is crucial—we found an effective method for 
extracting the protein from the grain. 


Thus, we were able to produce 2.75 g 
of albumin per kg of rice grain, which is 
very cost-effective indeed. The lower cost 


threshold is 0.1 g/kg of rice. We then tested 
the quality of the albumin obtained from rice 
on rats, where it was as effective in animals 
with liver cirrhosis as naturally produced 
albumin. 


There were no allergic responses to the 
albumin from plants. However, further 
comprehensive analysis must still be 
carried out before it can be used in clinical 
trials on humans. If the tests are successful, 
rice farmers could be turned into rice 
pharmers. 


а 2 


Daichang Yang is а professor at Wuhan 
University, China. This English text was 
Written by Reinhard Renneberg, based on 
Chinese material from Prof. Yang. 


Top: Rice 
terrace. 
Right: 
Japanese 
coin 
depicting 
rice. 
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Yao Ming (b. 1980) is a retired professional 
Chinese basketball player and he is 2.29 m tall... 


renewable and alternative agriculture. However, this 
is countered by the fact that both large and small 
farmers, even in developing countries, decided in fa- 
vor of the cultivation of these plants, because they 
promised economic advantages in the end despite 
the higher cost of seeds. 


Polyhydroxybutyrate (PHB)—a biodegradable poly- 
mer (see Chapter 6) is a truly environmentally friendly 
product produced by transgenic Arabidopsis thaliana in 
canola. This bioplastic material completely disappears 
from the environment after a certain period of time be- 
cause it is eaten by bacteria. 
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Fig. 7.55 The transgenic plant section 
(green) is growing continuously (in 
millions of metric tons). 


Fig. 7.56 Genes from the daffodil (top) and 
the bacterium Erwinia were transferred 

to rice to create “Golden Rice” witha 

high pro-vitamin A content. Bottom: Ingo 
Potrykus (right) and Peter Beyer, two of the 
creators of Golden Rice. 


In the meantime, biosynthetic genes of 
Ralstonia eutropha have been expressed 
in thale cress (mouse-eared cress) and 
Arabidopsis thaliana—a favorite subject for 
plant geneticists—and they are making PHB 
production increasingly cost-effective and 
attractive. 


Billions of people live mainly on rice. If 
you eat rice almost exclusively, you risk se- 
vere symptoms of deficiency because vitamin 
A, iron, and many trace elements and im- 
portant proteins are missing from the white 
Kernels. Approximately 800 million people 
around the world suffer from acute vitamin 
A deficiency. Their vision, their immune 
systems, their blood formation, and their 
skeletal growth become weaker. Scientists 
estimate that this is the cause of 2 million 
deaths a year and that half a million chil- 
dren per year go blind because of vitamin A 
deficiency. There are also widespread symp- 
toms resulting from iron deficiency: for 1.8 
billion women, especially in the Third World, 
anemia is inevitable. 


Ingo Potrykus (b. 1933, Box 7.6) of the Swiss 
University of Technology in Zürich, Adrian 
Dubock, and their German colleague Peter 
Beyer (b. 1952, Freiburg University) have suc- 
ceeded in developing “Golden Rice.” These 
researchers handed over their results to the 
International Rice Research Institute (IRRI) 
in Manila for evaluation free of charge. The 
European public was very enthusiastic about 
the “Golden Rice.” The shiny gold kernels 
contain a high concentration of carotene 
(pro-vitamin A), a preliminary stage of vita- 
min A. The genes transferred for this purpose 
are those of the daffodil (Narcissus pseudonar- 
cissus) and a bacterium, Erwinia uredovora 
(Erwinia is familiar to us from vitamin C syn- 
thesis in Chapter 4). 


The company Zeneca had announced it 
would give seeds for this “Golden Rice” 
free of charge to small farmers in developing 
countries—a unique situation in the field of 
genetic engineering. Critics declared that this 
was a superficial solution, but it gave rise to 
an unexpectedly intense debate, which con- 
tinues to this day. 


A research team at the biotechnology com- 
pany Syngenta has now developed a new 
variation on the “Golden Rice.” It contains 23 
times more f-carotene than the initially devel- 
oped variation. 


The scientists of the British Jealott’s Hill 
International Research Centre in Bracknell 
added a corn gene to the rice genome in 
2005. With the help of the protein encoded 
within it, the rice plants produce pro-vitamin 
A. “Golden Rice II” could cover half the daily 
requirements of vitamin A, say researchers 
(Box 7.11). 


Other projects deserving mention here in- 
clude caffeine-free coffee (since 20% of 
people all over the world drink decaf), pop- 
lar trees that collect heavy metals, and 
cultivated plants that are drought- and 
salt-resistant. 


E 7.21 Tropical Palms in Snow and 
Ice? 


Will we, in future, be able to leave frost- 
sensitive tropical palms standing in the garden 
in the winter (Box 7.12 and Fig. 7.60)? 


At 6:45 a.m. on April 24, 1987, the young 
scientist Julie Lindemann was writing bio- 
technology history. She was tramping in a 
space suit across a Californian strawberry 
field spraying a concoction of antifrost bac- 
teria, genetically modified microbes that had 
been released with the approval of state au- 
thorities for the first time. This event ended 
years of dispute over the release of genetically 
modified organisms into the environment 
(Figs. 7.55 and 7.56). 


The history of antifrost bacteria began 
in 1980 in a laboratory at the University of 
California at Berkeley. 


The manner in which plants are damaged by 
frost had been known for a long time. Ice 
crystals form on the leaves and in the plant 
parts, and these destroy living tissue. The 
new discovery was that bacteria play a key 
role in this. The organisms are only a thou- 
sandth of a millimeter in size, but they of- 
ten serve as crystallization nuclei for the ice 
crystals. Tap water freezes at 0°C (32°F) but 
purified distilled water can be cooled down 
to — 15°C (5°F), as long as it does not con- 
tain any impurities to form nuclei for crystal- 
lization. One crystal-forming type of bacteria, 
in particular, is widespread in nature; this 
is Pseudomonas syringae. Biotechnologists 
Steven Lindow (b. 1951) (Fig. 7.57) and 
Nikolas Panopoulos carried out trials on 
Specimens by examining normal plants in- 
fected with P syringae in a climatic chamber 


Box 7.12 Biotech History: 
Antifrost Bacteria — The Story 
of Their Release 


In April 1983, outdoor trials with antifrost 
bacteria were given the green light by the 
health authorities in the United States, whose 
advisory committees decide on genetic- 
engineering experiments. However, they had 
not reckoned with the American public. Some 
residents went to court and criticized the fact 
that there had not been any comprehensive 
ecological studies. They asked who could 
guarantee that weeds and plant pests would 
not also benefit from the frost-protection 
bacteria. They also asked whether the 
biological balance would be disturbed and 
pointed out that once microbes have been 
released into the environment, they cannot 
be recalled, nor could even climate changes 
be ruled out. 


n May 1984, it was decided not to approve 
open-air trials with genetically modified 
ifeforms. There should be an ecological 
assessment of the balance between the 
benefits and risks for the environment. The 
esearchers continued to experiment in the 
aboratory and the greenhouse and they were 
able to refute some of the criticisms. 


n the meantime, however, the University 

of California awarded a license to a related 
company, Advanced Genetic Sciences (AGS). 
According to American law, the company 
was not affected by the legal ban, which 
only applied to government institutions 

such as universities. AGS planned to spray 
antifrost bacteria on 2400 strawberry plants 
in a field in Salinas and to monitor them 
carefully for 3 months. If the bacteria should 
cross into the protection zone within a 
radius of 15 and 30m, they would be curbed 
with antibiotics. 


The environmental authorities now 
intervened, but they approved the 
experiment in November 1985. The 
inhabitants of Salinas then protested. 
They rejected the field trials as too risky. 


Information also leaked out that AGS had 
already secretly sprayed fruit trees on the flat 
roof of the company building with antifrost 
bacteria before approval of the open-air 

trial. That made it into a real scandal. The 
environmental authorities withdrew the 
company’s approval for an unlimited period 
of time and imposed a fine of 20,000 dollars. 


The company now had to carry out 
additional experiments and work out 
further expertise. In one experiment, 
strawberries in the greenhouse were sprayed 
with various concentrations of ice-minus 
bacteria and normal bacteria. None of the 
strains of bacteria subsequently showed 

any advantage, however. It also meant that 
uncontrolled distribution could also not be 
fully excluded. 


The conditions for the US environmental 
authorities were finally fulfilled by AGS in 1987. 
Although some of the strawberry plants were 
taken by unknown sources shortly before the 
first test, in spite of modern safety assurances, 
the test was successful. Julie Lindemann 
trampled decoratively through the media. No 
manipulated microbes were found outside the 
30-m security zone. The manipulated bacteria 
had not even spread 15m. 


Frost Technologies Corporation registered 
a mixture of three Pseudomonas strains 
(“Frostban B”) with the EPA in 1992 for 
frost control. However, the EPA insisted on 
registering Frostban as a pesticide, since it 
inhibited bacteria. The cost seems to have 
brought the project to a standstill. 


In Europe, incidentally, genetically modified 
viruses had already been released in September 
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Bacteria serve as ice 
crystal-nucleating germs. 


1986, albeit in order to check the safety of 
genetic-engineering experiments. Baculoviruses 
normally kill the caterpillars of the pine beauty 
moth (Panolis flammea), a forest pest. Oxford 
virologists inserted an 80 base-pairlong piece 
of DNA into the virus genotype, which served 
only to mark the virus genetically and did 

not change its metabolism. It was the fate 

of the microorganisms released in the field 
would be monitored further. Pest caterpillars 
were infected with “marked” viruses. The 
caterpillars and the hatched butterflies could 
not penetrate the close-meshed netting of the 
test field. If the experiments succeed, the gene 
for an additional insect poison and "suicide 
gene" will be introduced into baculoviruses 

to ensure that the viruses die after they have 
done their work. 


In the future, will palm trees be growing 
in the graphic designer' s garden in the 
winter? Find my cat! 


at temperatures below the freezing point. At —2?C that there was more to it than the size of the dust par- 

(28.4°F), the first frost damage started to show; but,  ticles alone; there was a special protein on the surface 

plants where the bacteria had been killed were able to of the tiny organisms, which stimulated the formation 

tolerate — 8°C (17.6°F) and even — 10°C (14°F) with- of ice crystals. If a strand of the frost bacteria contained 

out damage (Box 7.12). the command for the formation of the frost protein, this 
would also destroy the capacity for forming ice crystals 

However, it is totally unrealistic to want to kill all (Box 7.13). 

bacteria on cultivated plants in the open countryside. 

Both researchers, therefore, sought the cause of the mi- Lindow and Panopoulos were able to use genetic engi- 

crobes changing into frost bacteria. They discovered neering to achieve just that. 


Fig. 7.57 Steven Lindow. 
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Box 7.13 The Expert’s View: 
Crop Biotechnology in the United 
States — A Success Story 


American growers continue to lead farmers 
worldwide in the adoption of biotechnology- 
derived crops by planting 12.3 million acres 
(1.75 million km?), in the 11th year of their 
commercial planting in 2013 (James 2006). 
Benefits reaped from the technology have 
been the driving force in the expansion of the 
planted acreage from 2 million hectares in 
1996 (the first year of commercial planting) to 
52 million hectares in 2006. 


Corn (Zea mays). 


American growers planted eight 
biotechnology-derived crops (alfalfa, canola, 
corn, cotton, papaya, soybean, squash, 

and sweet corn) involving three traits 
(herbicide resistance, insect resistance, and 
virus resistance) in 2005. Planted acreage 
was mainly concentrated in 13 different 
applications (herbicide-resistant alfalfa, canola, 
corn, cotton, and soybean; virus-resistant 
squash and papaya; three applications of 
insect-resistant corn and two applications 
of insect-resistant cotton, and insect- 
resistant sweet corn). Trait information and 
trade names in 2005 are presented in the 
“Biotechnology-derived crops planted in the 
United States in 2005” table. 


In general, herbicide-resistant crops were 
planted on a large scale compared with 
insect-/virus-resistant crops. The rapid and 
widespread adoption of herbicide-resistant 
crops is mainly due to the ubiquitous nature 
of weeds. The adoption of insect-/virus- 
resistant crops varied each year based on the 
anticipated level of target-pest infestation. 
Adoption of these crops, Bt crops in particular, 
will continue to increase in future, as 
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new varieties such as VipCot cotton are 
commercialized, and as more seed supplies 
are available for YieldGard Rootworm corn 
and WideStrike and Bollgard II cotton (see the 
“Biotechnology-derived crops planted in the 
United States in 2005” table). 


American experience from more than a 
decade-long planting of biotechnology-derived 
crops indicates that these crops have provided 
simple, reliable, and flexible alternatives 
to traditional pest-management choices, 
reduced the total amount of input costs 
in farming, and improved crop yields, 

all of which have translated into direct 
economic benefits to farmers. 


A report—one of the annual updates to 
an initial study released in 2002 by the 
National Center for Food and Agricultural 
Policy—suggests that the widespread 
adoption of biotechnology-derived crops on 
48 million hectares in 2005 increased crop 
productivity by 3.8 billion kg, lowered 
crop-production costs by $1.4 billion, 
and reduced the overall pesticide use 
in production agriculture by 32 million kg 
(Sankula, 2006). 


The numeric value of the benefits reaped 
from biotechnology-derived crops in 2005 
was improved grower net returns of $2.0 
billion. 


The following discussion is focused on the 
pest-management challenges encountered 
by growers in conventional crops and how 
biotechnology-derived crops offer solutions 
to address these challenges. Also, the 
impacts to growers and crop production of 
biotechnology-derived crops planted in the 
United States are discussed. Due to limited 
space, the following discussion focuses on 
only insect-resistant corn and cotton and 
on virus-resistant papaya. 


Corn insect pest problems 


The most important insect pest problems 

in corn production in the United States 

are corn borer, rootworm, armyworm, 
and cutworm. European corn borer (ECB) 
and corn rootworm are the two most 
economically important insect pests of corn, 
costing growers billions of dollars each year 
in insecticides and lost crop yields. In fact, 
both ECB and corn rootworm are nicknamed 
“billion-dollar bug problems" due to crop 
losses of at least 1 billion dollars each year 
from each of these insect pests. 


Insecticide control of ECB is difficult for 
two reasons. First, European corn borer 
levels are difficult to predict and vary greatly 
from year to year. As a result, growers are 


usually reluctant to incur costs on scouting to 
determine the feasibility and profitability of 
insecticide applications. Second, ECB control 
is complicated due to the feeding and survival 
behavior of the insect. Corn borer larvae feed 
in leaf whorls after hatching and eventually 
move into the stalks to pupate inside the 
stem burrows, thereby avoiding insecticide 
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applications. Insecticides need to be applied 
during the 2-3-day period between egg 
hatching and their burrowing in the stems. 
While carefully timed insecticide applications 
is the key for the successful control of ECB, 
control with the available insecticide options 
is only marginal to good. 


The European corn borer (Ostrinia nubilalis) was 
introduced between 1910 and 1920 into North 
America from Europe: Butterfly and its eggs. 


Similar to ECB, rootworm is an economically 
important and difficult pest problem in corn 
production. Excellent rootworm-control 
products have fallen by the wayside, as corn 
rootworm has developed resistance to various 
insecticides. In addition to insecticide use, 
crop rotation is the most widely used cultural 
method to manage corn rootworms. Since 

a variant of the corn rootworm became the 
first pest ever to develop a way of foiling crop 
rotations, corn growers have been seeking a 
breakthrough in corn rootworm management. 
Biotechnology-derived Bt corn marked a 
new era for the management of both 
ECB and rootworm in the United States. 


Cotton insect pest problems 


The most damaging cotton pests are those 
that attack squares and bolls; they include 


Virus-resistant 
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Biotechnology-derived crops planted in the United States in 2005 


Papaya Papaya ringspot virus, Papaya mosaic virus 


Virus-resistant 


Papaya 


Squash Cucumber mosaic virus 
Watermelon mosaic virus 


Zucchini-yellow mosaic virus 


erbicide-resi 


Soybean Glyphosa 


ndup Ready 


Squash erbicide-resi 


Canola Glyphosate, Glufosinate 


ndup Ready Liberty Link 


erbicide-resi 


Corn Glyphosate, Glufosinate 


ndup Ready Liberty Link 


erbicide-resi 


Cotton Glyphosate, Glyphosate 


Roundup Ready; Roundup 
Ready Flex Liberty Link 


erbicide-resi 


Alfalfa Glyphosa 


ndup Ready 


Insect-resistant 


Corn European corn borer/ 
Southwestern corn borer/ 
corn earworm 


YieldGard Corn Borer 


European corn borer/southwestern corn 


Herculex I 


borer/black cutworm/fall armyworm/ 


corn earworm 
Rootworm 


YieldGard RW 


Insect-resistant 


Cotton 


Cotton Pink bollworm/old world bollworm/ Bollgard 
looper/armyworm 


Bollgard II 
WideStrike 


Insect-resistant 
Alfalfa 


the cotton bollworm, tobacco budworm, 
pink bollworm, boll weevil, and lygus bugs. 
Yield losses due to the bollworm/budworm 
complex, the most devastating of all the 
above pests, are typically higher in the bloom 
stage. Without effective control, cotton 
bollworm and tobacco budworm can cause 
yield losses of 67%. 


Cotton is a major market for pesticide 
use in the United States. More than 90% of 
the entire cotton acreage in the United States 
is treated with insecticides. Insecticide costs 
for cotton bollworm, tobacco budworm, 

and pink bollworm usually average around 
60-70% of the total pesticide costs to 
American cotton growers. Moreover, the 


Sweet corn European corn borer/ 


corn earworm 


bollworm/budworm complex has developed 
resistance to insecticides belonging to the 
classes of organophosphates, pyrethroids, and 
carbamates, posing serious problems in cotton 
pest management. Biotechnology-derived 
insect-resistant cotton provided answers to 
the above challenges in managing cotton 
pests. 


Insect-resistant corn 


Insect-resistant crops, or Bt crops, were 

one of the first crops developed through 
biotechnology methods in the United States. 
These crops were developed to contain a 
gene from a soil bacterium called Bacillus 
thuringiensis, and hence the name Bt. 


Attribute 


Although highly toxic to certain insects, 
Bt is relatively harmless to humans as 
the digestive enzymes that dissolve the 
Cry protein crystals into their active form 
are absent in humans. Cry proteins from 
Bt have become an integral part of organic 
crop production in the United States since 
more than 40 years in view of their safety 
and effectiveness in controlling target insect 
pests. Three applications of insect-resistant 
corn were in commercial cultivation in the 
United States in 2005. They include Bt 
corn resistant to corn borer (trade names: 
YieldGard Corn Borer and Herculex I), 

Bt corn resistant to black cutworm and 

fall armyworm (trade name: Herculex I), 


and Bt corn resistant to rootworm (trade 
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name: YieldGard Rootworm). YieldGard 
Corn Borer has been on the market since 
1996, while 2003 was the first year of 
commercialization for Herculex I and 
YieldGard Rootworm. 


The corn borer destroys corn crops by 
burrowing into the stem, causing the plant to 
fall over. The larvae also thrive in the fruits. 


Bt cotton 


Three applications of Bt cotton are 
currently in commercial production in the 
United States: Bollgard I, Bollgard II, and 
Widestrike (see the “Biotechnology-derived 
crops planted in the United States in 
2005” table). The target pests for Bollgard 
I cotton, which express the CrylAc A 
endotoxin, are tobacco budworm and 
pink bollworm. 


Bollgard II is the second generation of 
insect-protected cotton and it offers enhanced 
protection against the cotton bollworm, fall 
armyworm, beet armyworm, and soyabean 
looper, while maintaining control of tobacco 
budworm and pink bollworm (similar to that 
provided by Bollgard I). 


Bollgard II contains two Bt genes, CrylAc 
and Cry2Ab, compared to the single gene 
in its predecessor, Bollgard I. The presence 
of two genes in Bollgard II provides cotton 
growers with a broader spectrum of 
insect control, enhanced control of certain 
pests, and increased defense against the 
development of insect resistance. The 
presence of the Cry2Ab gene in addition to 
the Cryl1Ac in Bollgard II cotton provides a 
second, independent, high insecticide dose 
against the key cotton pests. Therefore, 
Bollgard II is viewed as an important new 
element in the resistance management of 
cotton insect pests. 


Using a strategy similar to Bollgard 11, Dow 
Agrosciences developed “WideStrike” cotton 
to simultaneously express two separate 
insecticidal Bt proteins, CrylAc and CrylE 
Similar to Bollgard II, the WideStrike cotton 
offers season-long protection against a broad 
spectrum of cotton pests such as cotton 
bollworm, tobacco budworm, pink bollworm, 
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beet armyworm, fall armyworm, yellow- 
striped armyworm, cabbage looper, and 
soybean looper. 


Impacts of insect-resistant corn and 
cotton 


Bt crops provided high levels of protection 
against target insect pests, which is equal 

to, if not greater than, the previously used 
conventional pest-management options. Since 
the first planting of insect-resistant/Bt crops, 
growers noted that the most substantial 
impact has been improvement in crop yields. 
Unlike conventional insecticides, Bt crops 
offered in-built, season-long, and enhanced 
pest protection, which translated to gained 
yields. 


Another significant impact of insect- 
resistant crops has been the reduction 

in insecticide use targeted against key 
pests, because Bt crops eliminate the need 
for insecticide applications. Reduction in 
overall insecticide use and the number of 
insecticide sprays has led to a reduction in 
overall input costs and improved returns 

for the adopters of Bt crops. Other benefits 
from Bt crops include reductions of scouting 
needs, pesticide exposure to applicators, and 
energy use. 


An indirect impact of Bt crops is the influence 
they exert on local target insect populations, 
leading to an overall reduction of insects 
in a field. This effect is termed "halo effect" 
and has been noted with Bt corn and cotton. 
Volunteer crop plants have been reduced in 
the following season with Bt corn and cotton 
as dropped ears and bolls were significantly 
reduced. 


By targeting specific insects through the 
naturally occurring protein in the plant, 

Bt crops reduced the need for and use 

of chemical insecticides. By eliminating 
chemical sprays, the beneficial insects 
that naturally inhabit agricultural fields 
are maintained and they even provide 

a secondary level of pest control. Local 
ecosystems were impacted favorably by 
the planting of Bt crops, as bird populations 
were reported to be higher in numbers in 
Bt cotton fields compared to conventional 
fields. 


Papaya virus pest problems 


Papaya ringspot virus is the most important 
disease that affects papaya. Papaya production 
in the United States, concentrated mainly 

in Hawaii, was declining in the 1990s due 

to epidemics of the papaya ringspot virus. 
Hawaiian farmers relied on surveying and 
rouging the infected trees to keep the virus 


from spreading to other fields. This process of 
identification and destruction of infected trees 
urned out to be expensive and ineffective 
and it led to a collapse of the papaya industry 
in Hawaii. 


Biotechnology-derived virus-resistant crops 
were developed to express genes derived 
from the pathogenic virus itself. Plants that 
express these genes interfere with the basic 
ife functions of the virus. Use of coat protein 
genes is the most common application of 
pathogen-derived resistance. The expression 
of the coat protein gene gives protection 
against infection of the virus from which the 
gene is derived, and possibly other viruses 
as well. 


Two virus-resistant crops, papaya and squash, 
have been planted in the United States since 
1998. Of these, biotechnology-derived papaya 
is a dramatic illustration of biotechnology's 
success in the United States. 


A specialist checking papaya trees for the 
Papaya ring spot virus. 


Impacts of virus-resistant papaya 


The papaya industry owes its continued 
existence in Hawaii to biotechnology. 
Virus-resistant papaya has facilitated the 
strategic planting of conventional varieties 
in areas that were previously infested with 
he ringspot virus and also the planting of 
conventional and biotechnology-derived 
varieties in close proximity to each other. 
Papaya production, which had fallen 45% 
from the early 1990—1998s, has rebounded 
o its original levels since 1999. Experts credit 
his increase in papaya production to the 
planting of virus-resistant varieties. 


Biotechnology-derived papaya, 

overall, has restored the economic 
viability of an industry that was on the 
verge of extinction. 


Conclusions 


Every crop-management decision 

has consequences, and the decision to 
plant biotechnology-derived crops is no 
exception. 


American growers have made the decision 
to choose biotechnology-derived crops 
because they realized clear and positive 
benefits from planting these crops. In 
addition to revolutionizing the way crops are 
produced, biotechnology provided the best 
hope to growers by providing enhanced pest 
protection, thereby improving yields with the 
use of minimal inputs. 


With that increased hope and confidence, 
American growers have increased planting 
of biotechnology-derived crops by a factor 
of 100, from 17,000 km? (4.2 million acres) 
to 1,750,000 km? (432 million acres) in 
AOS. 


Here is a table with examples of GM plants in 
2018: (Source: ISAAA). 


Examples of plant products of 
biotechnology 


Product Trait 

Alfalfa Herbicide tolerance, altered 
lignin production 

Apple Nonbrowning 

Bean Virus disease resistance 


Canola Herbicide tolerance, modified 
oil/fatty acid, pollination control 
system, phytase production 

Cotton Herbicide tolerance, insect 
resistance, low gossypol 


Eggplant Insect resistance 


Hax, Herbicide tolerance 
Linseed 
Maize Abiotic stress tolerance, altered 


growth/yield, herbicide 
tolerance, insect resistance, 
modified product quality 
(modified alpha amylase, lysine 
boost, phytase production), 
pollination control system 

Melon Delayed ripening 

Papaya Disease resistance 


Pineapple Delayed ripening, modified fruit 
color 


Plum Disease resistance 


Potato Disease resistance, herbicide 
tolerance, insect resistance, 
modified product quality 
(modified starch, reduced 
acrylamide potential, 
nonbruising), fungal disease 
resistance 

Rice Herbicide tolerance, insect 
resistance, antiallergy, modified 
product quality (biofortified with 
Provitamin A, antiallergy) 

Rose Modified flower color 

Safflower Modified product quality 

Soybean Herbicide tolerance, insect 
resistance, modified product 
quality, altered growth/yield, 
abiotic stress tolerance, modified 
oil/fatty acid 

Squash Disease resistance 

Sugar beet Herbicide tolerance 

Sugar cane Insect resistance, drought 
tolerance 

Sweet Disease resistance 

pepper 

Tomato Disease resistance, insect 
resistance, delayed ripening, 
delayed fruit softening 


Wheat Herbicide tolerance 


Dr. Sujatha Sankula has been the Director 
of Biotechnology Research Programs at the 
National Center for Food and Agricultural 
Policy, Washington, DC. 
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Fig. 7.58 The controversial transgenic corn 
(top). Several EU countries have reversed the 
licensing of the GMO, with concerns as not all 
doubts about its safety could be resolved. 


Such national bans underwent scientific 
scrutiny by the EU and, so far, there has been no 
evidence for safety issues. 


Center: The caterpillars of the popular monarch 
butterfly (Daunus plexippus) were extensively 
tested for 5 years in the United States for 
damage caused by Bt corn pollen. 


Bottom: Under extreme laboratory conditions, 
there was damage to individual caterpillars 
but not to the whole population in its natural 
environment. Insecticides, by contrast, affected 
the whole population. 


Fig. 7.59 The modern Eden Project in Cornwall —a 
world-renowned ecology center— simulates all 
regions of our planet earth with its vegetation. 


285 


| BIOTECHNOLOGY FOR BEGINNERS 


Box 7.14 The Expert’s View: 
Mosses Work Miracles 


Most recombinant biopharmaceuticals 

are complex human glycoproteins and 
they are usually produced by mammalian 
production lines, such as CHO cells, 
derived from Chinese Hamster Ovaries). 


Plants do not seem to be such likely 
candidates for the production of human 
glycoproteins, and yet the use of plants as 
alternative expression hosts is on the rise. 
Here are some of the reasons: 


e They are easier to cultivate, 
e They are less expensive, 


e There is no risk of infectious agents being 
introduced, 


e Purification processes (downstream 
processing) and safety tests are more 
straightforward and thus less expensive. 


Several plant-produced pharmaceuticals are 
currently undergoing clinical studies. The 

first product, 7aliglucerase alfa, an enzyme to 
treat Gaucher’s disease, was introduced to the 
market by Pfizer/Protalix in 2012. 


Major challenges for plants 


In order to be widely used as alternative 
production sources for glycoproteins, plants 
must meet the following three criteria: 


e They must be able to produce large 
quantities of the recombinant product. 


e Although the core structure of 
glycoproteins in plants is basically the 
same as in humans, there are differences 
that may affect their stability and efficacy, 
as well as the patient’s immune response. 


e For biopharmaceuticals to be licensed, 
a production protocol must be in place 
that complies with good manufacturing 
practice (GMP) guidelines, and this 
includes self-contained production 
systems. 


Moss: Millions of years older than 
spermatophytes (seed plants) 


Our team in Freiburg works with the moss 
Physcomitrella patens as a production host 
for glycoproteins. I have been focusing my 
research on this plant since the 1980s, when 
most researchers looked at Arabidopsis 
thaliana as a plant model. Although mosses 
have never been truly fashionable as models, 
a lot of knowledge and insight into mosses 
has accumulated over centuries. What 
attracted me to mosses was their small size, 
their ability to grow on pure mineral media 
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in Petri dishes, and, last but not least, the fact 
that they have extended haploid life cycles. 


On the evolutionary tree, mosses are found 
halfway between single-celled algae and 
complex seed plants. The latter developed 
about 1 billion years later. Mosses more 
or less retained their appearance during the 
last 400 million years and are among the 
oldest living land plants. They were around 
when dinosaurs came into being and also 
saw their demise. Although they never stole 
the limelight, they were and are masters of 
survival. 


Industrial-scale, GMP-compliant disposable 
wave reactors for the production of 
biopharmaceuticals expressed in the moss 
Physcomitrella patens. (A) A room equipped 
with several wave bioreactors. (B) A detailed 
view of a wave bioreactor and its illumination 
system. Images are taken with permission from 
Reski, R., J. Parsons, E.L. Decker (2015): Moss- 
made pharmaceuticals: from bench to bedside. 
Plant Biotechnology Journal 13, 1191—1198. 


Enabling technologies 


Over the years, we were able to develop our 
moss plant model into our flagship model, 
unperturbed by various short-lived trends in 
Science and technology. Our mosses grow not 
only in Petri dishes and Erlenmeyer flasks, 
but also in industrial-size bioreactors in pure 
mineral media. They do not require any 
organic additions such as antibiotics, carbon 
sources, or growth regulators, or a highly 
controlled environment. 


P. patens was transformed by conferring 
antibiotic resistance to the wild-type moss, 

so that it can be easily identified. The moss is 
particularly suitable for gene targeting (GT). 
As its haploid growth phase occurs frequently 
and extensively, GT was often used to disrupt 


genes of interest and infer gene functions 
from these “knockout mosses” in a reverse 
genetics approach. This application became 
the first example for precision in genome 
engineering in plants, dating back to 1998. 


The high rate of GT is a clear advantage 
for the glycoengineering of moss when 
compared to similar approaches in seed 
plants. 


Surprisingly, P. patens suits a wide variety of 
components of the transcription, translation, 
and secretion machineries, which were 
originally developed and optimized for 
recombinant production in CHO cells—a real 
evolutionary surprise! 


The Physcomitrella genome comprises 
500 mega base pairs. It became the third 
plant genome to be fully sequenced after 
A. thaliana and Populus, the poplar. Its full 
genome information is freely available via 
WWww.cosmoss.org. 


A living and production environment 
for mosses 


Like plant cell cultures and hairy root 
cultures, mosses can be grown in 
photobioreactors, which makes containment 
easy in a controllable environment. Good 
manufacturing practice is easier to establish 
under such conditions. The first batch was 
cultured in a 2L foil reactor. This was then 
followed by culturing in 5-, 10-, and 20-L 
stirred glass tanks, which are the workhorses 
in the laboratory. Currently, for commercial 
production under GMP-certified conditions, 
100 and 500L disposable wave reactors are 
used. 


Recombinant protein products from 
moss 


Several proteins have been produced in 

moss. Bacterial beta-glucuronidase 

(GUS), bacterial alpha-amylase (AMY), 

and the human placental secreted 
alkaline phosphatase (SEAP) were used as 
quantifiable reporter proteins. As a product 

as well as a stabilizing agent for secreted 
biopharmaceuticals, human serum albumin 
(HSA) has been coexpressed in the production 
process. Further moss-produced human 
proteins include tumor-directed monoclonal 
antibodies with enhanced antibody- 
dependent cytotoxicity (ADCC), vascular 
endothelial growth factor (VEGF), 
complement factor H (FH), keratinocyte 
growth factor (FGF7/KGF), epidermal 
growth factor (EGF), hepatocyte growth 
factor (HGF), asialo-erythropoietin (asialo- 
EPO), alpha-galactosidase (aGal), and 
beta-glucocerebrosidase (GBA). Moreover, 


an Env-derived multiple-epitope HIV protein 
Was produced in moss as a candidate 
vaccine. 


Colonies of Physcomitrella patens in a Petri dish 


Secondary metabolites 


Mosses contain far more genes involved 
in secondary metabolism than seed 
plants. Some of these metabolites possess 
well-known human health benefits. 
Therefore, one aspect of the field is the 
metabolic engineering of moss to enhance 
the production of secondary metabolites with 
commercial value. A breakthrough was the 
expression of taxadiene synthase from 7axus 
brevifolia, an enzyme responsible for the 
synthesis of a precursor of paclitaxel, a widely 
used anticancer drug. 


Another major market for engineered mosses is 
the fragrance industry. Moss-expressed patchoulol 
synthase and alpha-/beta-santalene synthase are 
two sesquiterpenoids used in the production of 
perfume and other fragrant products. 
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Protonoma cells of Physcomitrella patens, as grown in bioreactors for the production of medicine 


Human complement factor and 
vaccines produced in moss 


Human complement factor H (FH) is the 
key regulator of the alternative pathway of 
complement activation and it is a protectant 
against oxidative stress. Because it is a 

large protein (155 kDa) and it contains 40 
disulfide bonds, it is a difficult-to-express 
protein. Therefore, attempts are ongoing 
to produce truncated but bioactive versions 
in insect cells. In vitro studies showed that 
full-length FH with full biological activity 
can be produced in moss. In a subsequent 
step, the protein will be further evaluated 
in FH-deficient knockout mice. FH could be 
essential in the treatment of kidney diseases 
such as atypical hemolytic uremic syndrome 
(aHUS) and C3 glomerulopathies, and for 
age-related macular degeneration (AMD). 


Moss-produced FH may be a cost-effective 
and more compliant alternative to the 
monoclonal antibody Eculizumab, which 
is limited to the treatment of aHUS and has 
severe side effects. Eculizumab is the most 
expensive biopharmaceutical worldwide, 
with treatment costs of about $450,000 
per patient per year. 


Several human growth factors (like EGF 
and HGF) that are used in mammalian cell 
culture have been produced in the moss 
system. FGF7/KGF (keratinocyte growth 
factor) is the first commercially available 
moss-produced human protein, intended for 
in vitro use (www.greenovation.com). 


Based on these experiences, moss has been 
suggested as a potential production host 


for vaccines. Because no adverse effects 

of moss consumption are known, vaccine- 
producing moss may be directly administered 
as an oral vaccine. Thus, expensive protein 
purification could be avoided. 


Biobetters from moss 


Plants as alternative production hosts are 
becoming more popular because they allow 
cheaper production while also providing 
greater safety. Human proteins can be 
produced in a way similar to that of CHO 
cells. For the production of such biosimilars, 
extensive glycoengineering approaches have 
to be taken. 


The inherent differences between plants and 
mammals may favor plant cell factories. At 
least in some cases, they produce superior 
biopharmaceuticals, so-called biobetters. 
Here are some examples: a glyco-optimized 
monoclonal antibody that was developed 

to recognize tumor-associated glycosylation 
patterns was produced in moss. It was 40 
times more effective at inducing lysis in 
three different tumor cell lines than the same 
antibody produced in CHO cells. 


Gaucher’s disease and Fabry’s disease 
are serious orphan diseases that respond to 
enzyme-replacement treatment. Both human 
enzymes, o-galactosidase (aGal) for Fabry 
and -glucocerebrosidase for Gaucher, 

are being produced in moss. A detailed 
analysis of glycan structures from different 
batches showed higher homogeneity and 
significantly enhanced batch-to-batch 
stability compared to commercially available 
drugs that are produced in mammalian cell 
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From: Ernst Haeckel (1834-1919). “Kunstformen der Natur” (1899-1904). All 100 
fantastic plates can be downloaded from Kurt Stiiber’ s website: http://caliban.mpiz- 
koeln.mpg.de/haeckel/kunstformen/natur.html. 


lines. Thus, moss is able to produce superior 
biopharmaceuticals. Moss-produced Gal 
has successfully passed toxicity testing. It is 
the first moss-produced pharmaceutical 
in clinical trials. 


Asialo-EPO, a useful and safe EPO 


Erythropoietin (EPO) is a hormone 
(cytokine) involved in the maturation of 

red blood cells in bone marrow and it has 

a wide range of other effects—including 
better kidney function, angiogenesis, and 
neurogenesis. It has been shown that it 
enhances the immune response and prevents 
apoptosis—not to mention its illegal use in 
various sports. Functional EPO has been 
produced in moss. 


The resulting asialo-EPO was of 
outstandingly high uniformity. This EPO 
glycoform does not promote the maturation 
of red blood cells, and thus cannot be abused 
for doping, but it exerts neuroprotective and 
antiapoptotic functions. Therefore, 
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moss-produced asialo-EPO may be a safe 
biobetter for a variety of indications (see the 
cartoon at the end of this chapter). 


Conclusions 


Over the past two decades, the moss 
Physcomitrella patens has been developed 
from scratch into a flagship model species in 
basic research and in biotechnology. Some 
of the key features of the moss system are 

a fully sequenced genome, outstanding 
possibilities for targeted genome engineering 
via homologous recombination, certified 
GMP production in bioreactors, successful 
upscaling to 500-L wave reactors, outstanding 
homogeneity of protein glycosylation 

and batch-to-batch stability, and safe 
cryopreservation for master cell banking. 


Ralf Reski (b. 1958) studied biology, 
chemistry, and pedagogics. He was 
Heisenberg Fellow of the German Research 
Foundation DFG and he was appointed 

as Distinguished Professor for Plant 


Biotechnology at the University of Freiburg, 
Germany in 1999. 


In 2011, he was appointed as a Senior 
Fellow at the Freiburg Institute for 
Advanced Studies (FRIAS) and as a lifetime 
member of the Heidelberg Academy of 
Sciences and Humanities. In 2013, he 
became a Senior Fellow at the University 
of Strasbourg Institute for Advanced Study 
(USIAS). Between 2016 and 2020, he was 
on the Advisory Board of CeBiTec— Center 
for Biotechnology, at the University of 
Bielefeld. 


Worth Thinking About 


But it is illusion to think 


that there is anything fragile about the life 
of the Earth; 


surely this is the toughest membrane 
imaginable in the universe, opaque to 


probability, impermeable to death. 


We are the delicate part, transient and 
vulnerable as cilia. 


Nor is it а new thing for man to invent an 


existence that he imagines to be above the 
rest of life; 


this has been the consistent intellectual 
exertion down the millennia. 


As illusion, it has never worked out 
to his satisfaction in the past, 

any more than it does today. 

Man is imbedded їп nature. 


Lewis Thomas (1913-1993) 
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The next thing they did was to populate 
some plants with the new antifrost bacte- 
ria, to find that they did indeed protect their 
hosts from frost damage. Larger series of 
tests in the laboratory showed that spraying 
plants with an antifrost bacteria liquid was 
sufficient, as the genetically modified mi- 
crobes displaced the natural ones. It was pos- 
sible to produce the spray liquid cheaply and 
in great quantities in bioreactors (Figs. 7.58 
and 7.59). 


This opens up some attractive perspectives. 
For example, a number of cultivated plants 
that until now have only thrived in warmer 
regions can also be grown further north. 
Not the least, frost damage could be limited 
(Fig. 7.60). However, one crucial question 
remained open: how would the newly 
created microbes behave in the environ- 
ment? (Box 7.12). In the end, the project 
was halted. 


B 7.22 Dead Bacteria in Snow 
Guns Safeguard Skiing Holidays 


In the meantime, however, managers at 
AGS had the bright idea of selling the nat- 
ural frost bacteria mass-produced in biore- 
actors and then destroyed under the name 
“Snomax” for the production of artificial 
snow. 


The dead bacteria are added to water in snow 
guns and with “Snomax,” snow production 
increases by 45%. “Snomax” also saves on 
the energy required for refrigeration. None of 
the authorities in the United States forbade the 
release of nonmanipulated natural microbes 
(Fig. 7.61). 


In the meantime, the artificial snow business 
made by Snomax is booming worldwide. The 
dead frost bacteria incidentally saved 
the Winter Olympics in 1988 in Calgary 
Canada) during an unexpected warm spell 
Fig. 7.62). 


In view of climate changes, this situation is 
ikely to get worse in the future. Only half 
of the Swiss ski regions can be sure of get- 
ting snow in the future. This is true for the 
entire Alps region. In spite of vehement pro- 
test, Snomax has been officially licensed in 
Switzerland since 1997. 
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Fig. 7.60 Palm trees in areas 
prone to winter frost could be 
protected effectively using 
antifrost bacteria. 


Fig. 7.61 Advertising for 
inactivated Pseudomonas 
bacteria (top) and Snomax 
artificial snow produced by a 
snow canon (center). 


Fig. 7.62 Students at the 
University of Innsbruck doing 
research into the conservation of 
alpine flora. Will there be enough 
snow left in the future? 
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Useful Weblinks 


Wikipedia, for a start, e.g., algae: http://en.wikipedia.org/wiki/Alga 
AlgaeBase—a comprehensive database of over 35,000 algae, including seaweeds, with over 5,000 
images and some 40,000 references. http://www.algaebase.org/ 


The European Union’s website on GMOs, the work of independent science journalists http://www. 
gmo-compass.org/eng/home 


Everything you wanted to know about GM organisms, provided ру New Scientist. http://www.new- 
scientist.com/channel/life/gm-food 


Greenpeace about GMOs: http://www.greenpeace.org/international/footer/search?qg=GMOs 


A fantastic collection of historic and modern biology books: Kurt Stüber's Online Library. Now over 
100,000 scanned pages available: http://www.biolib.de/ 
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8 Self-Test Questions 


1, 


Why do not famine regions “just” look 
after themselves and set up algae farms? 


Why did the bright idea of producing 
protein from oil fail? Which bioproduct is 
a health food and a recent result of this 
single cell-protein research? 


What is the name of the bacterium that 
causes root gall, and how can it be used 
for gene transfer in plants? 


Does the gene transfer in question 3 also 
apply to corn or rice? What is the way 
out? 


Is the cloning of plants completely new? 
Were genetic engineers the first to 
discover it? 


What is the principle that was used 
to create antimush tomatoes? Which 
enzymes are blocked by this? 


Name three “well intentioned” transgenic 
plant products created by scientists. 


What is the connection between frost 
damage in plants and infestations with 
bacteria? What are antifrost bacteria? 


Moss cells can be easily transformed 
to produce many important drugs (see 
Box 7.14 by Ralf Reski!) 


THE CREATOR 

WOULD APPEAR AS ENDOWED WITH A PASSION FOR STARS, 
ON THE ONE HAND, 

AND FOR BEETLES ON THE OTHER, 

FOR THE SIMPLE REASON THAT THERE ARE NEARLY 
300,000 SPECIES OF BEETLE KNOWN, 

AND PERHAPS MORE, 

AS COMPARED WITH SOMEWHAT LESS THAN 

9,000 SPECIES OF BIRDS AND A LITTLE OVER 

10,000 SPECIES OF MAMMALS. 

BEETLES ARE ACTUALLY MORE NUMEROUS 

THAN THE SPECIES OF ANY OTHER INSECT ORDER. 
THAT KIND OF THING IS CHARACTERISTIC OF NATURE. 


J. B. S. Haldane (1892-1964) 


"ANY FOOLISH BOY CAN STAMP ON A BEETLE, 
BUT ALLTHE PROFESSORS IN THE WORLD 


CANNOT MAKE A BEETLE." 
Arthur Schopenhauer (1788-1860) 


Author RR trying to catch new beetle species for his collection. 
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Chapter 8 


Fig. 8.1 Hippocrates 
(460-370 BC). 


Fig. 8.2 Artificial insemination 
of dogs was possible already in 
Goya’ s (1746-1827) days. 


Fig. 8.3 Artificial insemination 
in dogs. From top to bottom: 

A prize-winning male Golden 
Retriever in Finland has been 
chosen as semen donor. The 
semen is deep-frozen and sent 
by courier. A Golden Retriever 
bitch in Germany is artificially 
inseminated with the semen. 
The insemination process 

is monitored on screen. The 
happy mother and her puppies. 
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m 8.1 Artificial Insemination 


Artificial insemination of cattle has become stan- 
dard practice in nearly all industrial countries and is 
a highly successful, conventional method of propagat- 
ing the traits of a few of the most precious breeding 
bulls. 


Artificial insemination in dog breeding had already 
been described by Lazzaro Spallanzani (1729-1799, 
Chapter 2) in 1780 (Fig. 8.2). 


Until this point scientists had a rather primitive under- 
standing of conception, largely based on how plants 
grew. They speculated that the embryo was the product 
of male seed, nurtured in the soil of the female. 


Spallanzani’s experiment on dogs proved for the first 
time that there must be physical contact between the 
egg and sperm for an embryo to develop. With this new 
knowledge, Spallanzani experimented on frogs, fish, and 
other animals. 


Most European dog breeding clubs require that a 
bitch be naturally inseminated before the clubs agree 
to artificial insemination. This is to prevent what gen- 
erally happens to cattle and has been observed in dogs 
in the United States: animals that never experienced 
natural copulation are unable to breed naturally later 
(Fig. 8.3). 


By the mid-1940s, artificial insemination in cattle had 
become an established industry. 


During the 1950s, semen storage methods in liquid 
nitrogen (— 196°C or – 320?F) were developed, which 
revolutionized animal breeding. It was now possible to 
send frozen sperm to other countries. It certainly makes 
a difference whether a hot-tempered bull or a pack o 
frozen bull semen (Figs. 8.11—8.13) is shipped across 
the Atlantic! Today, approximately 90% of dairy cows 
and pigs in industrial countries stem from artificia 
insemination. 


It is a cost-effective method, as the ejaculate of a stud 
bull “copulating” with a fake cow yields 400 portions of 
semen, each containing 20 million spermatozoa. One 
bull used in artificial insemination replaces approxi- 
mately 1,000 traditional breeding bulls. 


In the past 40 years, the performance of dairy cows 
increased dramatically, without any genetic engineering. 
In the 1950s, a dairy cow would produce 1,000L of 
milk per year, while today 8000L or more per year are 
normal. 


ш 8.2 Embryo Transfer and /n Vitro 
Fertilization 


Artificial insemination makes it possible to exclusively 
use semen of top breeding bulls. However, even the 
best breeding cow, when inseminated, takes 9 months 
to produce one or sometimes two calves. 


Of course, the breeder would like to have more prog- 
eny from such a cow within a shorter space of time 
(Fig. 8.11). 


This can be done thanks to hormones. By injecting go- 
nadotropin, superovulation, i.e., the maturation of sev- 
eral eggs at the same time, is initiated. 


The eggs are artificially inseminated, and once em- 
bryos have developed, they are flushed out of the uterus 
using a catheter or recovered by ultrasound-guided fol- 
licle aspiration. Up to eight transferable embryos can be 
obtained in this way and implanted into surrogate 
mothers, resulting in four calves on average. 


Just like sperm, embryos can be deep-frozen in liquid 
nitrogen for almost unlimited storage, and two-thirds of 
them will be viable for embryo transfer. 


Again, the stress and fuss of getting a premium cow and 
a prize bull together is thus avoided. Since the calf devel- 
ops inside a surrogate mother, she passes on her immune 
protection to the calf. The calf will be born with the 
antibodies against local diseases in the blood. 


In in vitro fertilization, the egg and sperm are brought 
together outside the animal. The growing embryo is 
then implanted into surrogate mothers. 


Thus, the genetic material of premium cattle can be 
passed on to a large number of offspring. 


Having control over the gender of offspring is an idea 
that Hippocrates (460—370 BC) (Fig. 8.1) found quite 
attractive. 


Nowadays, it is possible to determine the gender of 
the embryos created through the polymerase chain re- 
action (PCR, Chapter 10). When bovine embryos have 
grown to the eight-cell stage, one cell is removed under 
the microscope, while other cells continue to grow and 
can be implanted. 


The DNA is extracted from the separated single cell, and 
a PCR assay is used that replicates a specific region on 
the Y-chromosome (the male sex chromosome) millions 
of times. 


The DNA is dyed with ethidium bromide (see 
Chapter 10) and shows up in electrophoresis. If the 
Y region shows, it is a male calf. If it does not, the 
calf must be female. The use of this technique in hu- 
man preimplantation genetic diagnosis (PGD) is 
highly controversial, however (see end of this chapter!) 
(Fig. 8.4). 


Dairy farmers can use PGD to select female calves, while 
meat cattle farmers will go for males. It is already possi- 
ble to buy gender-sorted cattle embryos online, ready to 
be implanted into surrogate mothers (Fig. 8.13). 


ш 8.3 Animals Threatened With Extinction 
Could Be Saved by Embryo Transfer 


In 1984, the Cincinnati Zoo in Ohio used Holstein cows 
as surrogate mothers for the threatened Malaysian gaur 
(Bos gaurus). In Kenya, Oryx antelopes were used as 


Elephant cow 


Mammoth 


Fig. 8.4 Serious attempts are 
being made to recreate the 
mammoth. Somatic mammoth 
cells have been preserved in the 
Siberian permafrost. The nucleus 
of these cells is transferred to 
enucleated elephant egg cells. 
The embryo is then gestated by a 
surrogate mother. 


Emsryos, CLONES, AND TRANSGENIC ANIMALS == 


surrogate mothers to rebuild the bongo antelope popu- 
lation (Tragelaphus eurycerus, Fig. 8.6). The deep-frozen 
bongo embryos were flown to Kenya, and embryos of 
wild bongos from Mt. Kenya were flown to Ohio and 
to cow surrogate mothers. Simultaneously, US bongo 
embryos were implanted into wild bongos in Kenya. 
Once they are born and released into the wild, they are 
tracked by behavioral scientists via a miniature radio 
transmitter. 


The Audubon Institute in New Orleans has been very 
successful in breeding the African lynx or caracal (Felis 
caracal or Caracal caracal, Fig. 8.7). 


The list of threatened species is long. The first successful 
in vitro fertilization of dolphins in Hong Kong received 
a lot of attention (Fig. 8.5). Later in this chapter, we will 
describe in detail the much-debated animal cloning, i.e., 
the production of genetically identical copies of individ- 
ual animals (Fig. 8.8). 


A 


Egg cell Removal of nucleus 
Stimulation 
Transfer 
of nucleus 


Somatic cell (nucleus) 


b" 


Surrogate mother with mammoth calf 


Fig. 8.5 Even dolphins, highly 
intelligent marine mammals, 
can be propagated by artificial 
insemination. 


Fig. 8.6 Bongo antelope 
(Tragelaphus eurycerus). 


Fig. 8.7 An African lynx or 
caracal (Felis caracal) was 
created through in vitro 
fertilization at the Audubon 
Institute in New Orleans. The 
embryo was frozen, thawed, 
and successfully implanted 
into a surrogate mother. The 
offspring, named Azalea, is 
hale and hearty. 


Fig. 8.8 Baby mammoth 
Lyuba (Love) was found in 
Siberia, well preserved in the 
permafrost. 
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Fig. 8.9 Above: A qilin, a 
mythical creature with a dragon 
head, lion tail, ox hooves, and 
deer antlers, guarding the 
Summer Palace in Beijing. 
Below: A qilin stamp from China. 


Fig. 8.10 The Minotaur is a 
Greek mythological figure, a 
monster with a human body 
and a bull’ s head. King Minos 
of Crete kept the Minotaur 
confined in the labyrinth, where 
the creature was defeated by 
Theseus. 
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DNA constructs 


ш 8.4 Chimeric Animals Have At Least 
Four Genetic Parents 


Another technique is the production of chimeras (Latin 
chimaera, a flame-spewing creature consisting of parts 
of several creatures). These animals have at least four 
different genetic parents. The most famous chimera in 
Greek mythology is Minotaur on the island of Crete 
(Fig. 8.10). 


Fusion chimeras (Fig. 8.16) are the result of the fusion 
of two embryos in the 2—8-cell stage of which the em- 
bryonic membrane (Zona pellucida) has been removed. 
The embryos must be at the same division stage. 


Injection chimeras, by contrast (Fig. 8.18), are ob- 
tained by removing some cells (blastomeres) from a blas- 
tocyst and injecting them into the blastocyst cavity of 
another embryo. Within 24h, the injected blastomeres 
merge into a uniform cell complex. The created chime- 
ras are ready for implantation into surrogate mother 
animals. 


To date, the creation of chimeras in mice has been a 
way of exploring the terrains of embryology, cancer re- 
search, and evolutionary genetics. Chimeras of sheep 
and goats were also created. Whether such chimeras, 
which cannot be created naturally, could one day be- 
come useful for farming remains to be seen. 


The most intriguing development seems to be the cre- 
ation of injection chimeras from genetically engineered 
stem cells (see Chapter 9). 


in vitro fertilization 


Embryo 
— [tee |—t 


Embryo culture 


Surrogate mother 


Cells from the inner cell mass of an embryo at the blas- 
tocyst stage are removed and grown in tissue culture. 
These are known as embryonic stem cells (ESCs) 
(Fig. 8.18). 


Differentiated cells may (e.g., liver cells) or may not 
(e.g., nerve cells) divide, but it is impossible that they 
will convert into different types of cells. Nerve cells are 
considered to be terminally differentiated. This does not 
mean they have a short lifespan; on the contrary, they 
seem to function over years. 


Stem cells are very different indeed. Embryonic stem 
cells taken from a blastocyst can turn into all types of 
cells. They are called pluripotent. They are not consid- 
ered to be totipotent because they cannot develop into a 
whole new organism. 


They multiply in a feeder layer of mouse fibroblasts. 
Foreign genes can be introduced into these cell lines by 
transfection. Almost all known DNA methods can be 
applied to ES cells. 


The main advantage is that the cells into which the 
new gene has been inserted can be selected before they 
are injected into blastocysts (embryos). They can then 
be retransferred into blastocysts to create transgenic 
chimeras. 


Cells up to the morula stage are totipotent (some- 
times also called omnipotent), whereas a blastocyst con- 
taining ES cells is probably only pluripotent. However, 
nothing that has been said on this matter is set in stone 
(more in Chapter 9). 


Founder animals 


This is a highly controversial topic because even em- 
bryos that produce ES cells for therapeutic clon- 
ing (see end of this chapter) could be misused for 
reproductive cloning and give rise to a complete 
organism. 


The genetically engineered cells are injected into intact 
mouse blastocysts, where they mingle with the ICM 
cells and produce a chimeric animal that has four par- 
ents (Fig. 8.18). 


If, e.g., the ES cells came from a brown mouse (the 
agouti gene that is expressed as brown fur color even if 
only a single copy is present) and are injected into the 
blastocyst of a white mouse, the color of the newborn 
mice indicate if they contain transformed ES cells (see 
Fig. 8.181). 


B 8.5 Transgenic Animals — From Giant 
Mouse to Giant Cow? 


Just as in plants (see Chapter 7), it is possible to intro- 
duce DNA in animals to insert new genes into cells 
or to switch off existing genes. The new genes are passed 
on. Such transgenic animals are the most high-profile 
products of biotechnology. This is done through a variety 
of methods: 


* Gene guns (see Chapter 7): These are used to shoot 
bullets carrying adsorbed DNA into cells. 


* Retrovirus-mediated transgenesis: It is used to 
infect mouse embryos at the eight-cell stage with 
defective retroviruses that serve as vectors for the 
foreign genes. The virus material is defective to the 
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extent that it does not produce viral envelopes or in- 
fectious viruses. However, the method is limited by 
the size of the gene to be transferred (8 kb of foreign 
DNA only). 


It was used to produce fluorescent piglets in Munich, 
using lentiviruses carrying the gene for green fluores- 
cent protein (GFP) (Box 8.4). 


e Pronuclear microinjection: When sperm and 
egg unite to produce a zygote, foreign DNA is in- 
jected directly into the pronucleus of sperm or egg 
(Fig. 8.14). No vector is needed. 


e Embryonic stem cell (ESC): Embryonic stem cells 
are taken from the inner cell mass of blastocysts and 
mixed with foreign DNA. Some ESCs absorb the 
foreign DNA and are thus transformed. These cells 
are injected into the inner cell mass of a blastocyst. 
This method has now become the most relevant 
technique, although the resulting young animals 
are chimeras (see Section 8.4), only a proportion of 
cells carry the foreign gene. Only in the second gen- 
eration will there be transgenic animals that carry 
the foreign genetic material in all their cells. Further 
crossbreeding results in homozygous transgenic 
lines. 


e Sperm-mediated transfer: This method uses 
linker proteins to bond DNA to sperm cells. They 
act as Trojan horses, introducing the DNA into 
the egg. 


The giant mouse (Box 8.1) created in 1982 by Richard 
Palmiter (University of Washington) and Ralf Brinster 
(University of Pennsylvania) provided an idea of things 
to come. 


Fig. 8.11 Due to in vitro fertilization 
(IVF) and embryo transfer (ET), the 
reproduction rate of high-performance 
cattle has been boosted. In cows, 
hormones induce superovulation. The 
cows are then artificially inseminated 
(center) or fertilized in vitro. The 
embryos are then implanted into 
pseudopregnant surrogate mothers. 


Fig. 8.12 Fertilization of an egg 
cell. Drawing by Ernst Haeckel 
in his book Anthropogenie. 


Fig. 8.13 Fertilization centers 
offer bull sperm and embryos 
via the Internet. 


Fig. 8.14 Microinjection. An 
egg cell is taken up by vacuum 
pipette. A micromanipulator 
guides the injection needle to 
its target under the microscope. 


Fig. 8.15 A cloned bull. 
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Pure-bred parents (white) 


Surrogate mother 


Fig. 8.16 The creation of fusion 
chimeras. 


Fig. 8.17 Summer 2005: the latest 
success in cloning, i.e., the Afghan 
dog Snuppy (with donor, whose 
cells were taken from the ear). 
An apparently genuine success 
of South Korean researcher 
Hwang, who became infamous 
for his fraudulent claims to 
have cloned human stem cells. 
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Of the two mice, both 2 weeks old, one weighed 44g 
and the other 29 g. Due to an inserted rat growth hor- 
mone, the transgenic giant baby mouse grew twice as 
fast as its nontransgenic siblings and ended up twice as 
big. 


Physiologically and genetically, mice (Mus musculus) 
are surprisingly similar to humans, although pigs are 
still more closely related. As mice are easy to breed and 
keep, murine models (mouse models) are often used 
for medical research on human diseases. 


It was an ingenious idea to inject the rats’ growth 
hormone gene into a nondifferentiated mouse egg 
(Box 8.1 and Fig. 8.20). If successful, the gene is in- 
tegrated into the genome of the embryo. The gene is 


linked to another gene and its promoter gene. Thus, 
the hormone, the production and secretion of which 
would normally be controlled in the brain, is produced 
in a different type of tissue, e.g., the liver, while the 
pituitary gland has no control. A resultant mouse be- 
came twice as heavy as untreated mice of the same 
age (Fig. 8.20). 


Its offspring also grew faster and became bigger, suggest- 
ing that the rat gene had been stably inserted into the 
mouse genome. 


m 8.6 Growth Hormones 
for Cows and Pigs 


In cattle, size is not really the issue—who wants to 
build bigger cowsheds, anyway—but milk quality, 
rate of growth, fertility, and disease resistance are 
important. 


The composition of milk can be modified. A higher pro- 
duction of к-саѕеіп, a phosphoprotein, is desirable for 
better cheese production. Millions of people with lac- 
tose intolerance would benefit from lactose-free milk 
and forget about indigestion (see Chapter 2). To date, 
lactose has been enzymatically degraded by galactosi- 
dase (see also Fig. 2.34). 


Resistance to bacterial mastitis is another desirable 
trait. In the United States alone, mastitis causes annual 
losses of $2 billion in milk production. Fewer animals 
would need vaccination if they had this trait. 


Fully grown dairy cattle have already been success- 
fully treated with genetically engineered bovine 
growth hormone (recombinant bovine somatotro- 
pin, rBST). It led to a rise in milk production by 
10-25%, while the cows were fed not more than 6% 
feed; in other words, production increased while the 
financial input remained the same. Other research- 
ers say more concentrated feed is required. What 
remains unclear is the long-term effect of hormone 
treatment. 


Even without hormone treatment, many dairy cows 
seem to be struggling with health problems. Although 
the idea of “burnt-out hormone cows" may be exagger- 
ated, the final verdict about this treatment is still not in. 
These methods are viewed with a good deal of skep- 
ticism, and there has been embittered controversy 
about the injection of growth hormone into cattle. This 
could soon come to an end when the growth hormone 
gene is inserted into the animal genome instead of be- 
ing injected, and transgenic cows will produce their 
own growth hormone. 


The use of growth hormones makes more sense in pig 
breeding, where they encourage growth of muscle 


rather than fat. A certain amount of fat is always 
desirable to give the meat some taste. However, in- 
jecting pigs with growth hormone on a daily basis is 
simply not practical. The idea is to use slow-release 
medication that only needs to be repeated every few 
weeks. 


What about transgenic low-fat, muscle-packed 
pigs? The relevant gene transfer was successful, but 
the results were far less impressive than in mice. It 
was disappointing to see that, although the muscles 
of transgenic pigs developed quickly and the fat con- 
tent was low, the animals suffered from kidney and 
skin problems as well as inflamed joints. Transgenic 
pigs are often lame and are not particularly fertile, 
which is not surprising given their general state of 
health. 


Transgenic goats and sheep seem to be free from 
these health problems. Experiments are being carried 
out to use their milk glands as bioreactors for the pro- 
duction of human proteins (Factors VIII and IX, plas- 
minogen activator, see Chapter 9)—a kind of gene 
“pharming.” 


B 8.7 Gene “Pharming”— Valuable 
Human Proteins in Milk and Eggs 


Milking mice is a serious business for biotechnologists. 
In normal mice, it is hardly worth the effort, whereas 
transgenic mice have been producing in their milk 
high concentrations of human tissue plasminogen 
activator (t-PA) (Fig. 8.20) as early as 1987. t-PA is an 
important agent that dissolves thrombi (blood clots) in 
heart attacks. 


The basic idea was to inject the gene for human t-PA 
(see Chapter 9) into fertilized mouse eggs, as had been 
successfully done with other mammalian genes. In some 
cases, the foreign hereditary material was stably inserted 
into the genome. 


In order to give easy access to products like t-PA in 
milk (Fig. 8.20), the promoter gene for acidic whey 
protein, the most common protein in mouse milk, was 
combined with the isolated gene for human t-PA. As 
expected, human t-PA was found exclusively in the 
milk gland tissue of the transgenic mice and was ex- 
creted into their milk. No human t-PA was found in the 
blood of the mice (Fig. 8.20). 


A lot of other scenarios are possible. Thus, low-cost 
rodent farms could replace expensive mammalian cell 
bioreactors to produce genetically engineered products. 
Every mouse that is milked for 15 min with a specially 
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Embryo harvesting 


Implantation 


Surrogate mother 


developed mouse-milking machine provides 4mL of 
milk per day. Large colonies of such transgenic animals 
could be bred within a very short time. 


In the late 1980s, the Dutch company GenePharming 
began to engineer cattle embryos. The aim was to 
create cows that would produce large quantities 
of the human protein lactoferrin in their milk. 
Lactoferrin was intended to become an additive to 
formula milk. 


In a first step, 2,400 embryos were genetically modified. 
Of these 128 embryos developed further and were trans- 
planted into normal cows. 


However, the transgenic animal that was born as 
planned in December 1990 was a bull and thus unable 
to produce milk containing lactoferrin. 


The male calf was called Hermann, and the Dutch 
government gave permission in March 1993 to use 


Pure-bred parents (brown) 


with agouti gene 


Stem cells 


Chimeric mouse (spotted) 


Fig. 8.18 Injection chimeras, 

obtained using embryonic stem 
cells (ESCs). ESCs can also carry 
genetically engineered material. 


Fig. 8.19 Top: Cloned goat. 
Bottom: Transgenic cows that 
can secrete human proteins 
into their milk. 
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Fig. 8.20 Left: Creation of the 
giant mouse. Right: Transgenic 
mice that produce human 
tissue plasminogen activator in 
their milk. 


Fig. 8.21 One liter (2.1 pts) 

of cow' s milk weighs 
approximately 1030 g and 
contains 3-8 g of vitamins and 
minerals, 15—35 g of protein, 
50-709 of lactose, 40g of milk 
fat, and the rest is water. In 
future, the proteins contained 
in milk could be used as 
therapeutics for humans. 
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transgenic sperm to fertilize nontransgenic cows. 
Hermann’s progeny were born from the end of 1993 
onwards. 


Out of 55 calves that were born, eight were female and 
transgenic. Three of them died, and the remaining five 
became sexually active in spring 1995. They were fertil- 
ized with nontransgenic sperm. 


In March 1996, Hermann’s daughters gave birth and 
began to produce milk. Four daughters secreted human 
lactoferrin in their milk in concentrations between 0.3 
and 2.8 g/L. 


The lactoferrin produced by these cows was identical 
to the lactoferrin found in breast milk. It improves 
the absorption of iron and protects against intestinal 
infections. 


Goats have become even more desirable animals for 
genetic engineering, as they reproduce faster than cattle 
and are cheaper to keep. 


Gene for human tissue 
plasminogen activator (t-PA) 
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early embryo 


Implantation 


Lactating transgenic mouse 


Purification 
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A blood-clotting factor has already been success- 
fully produced in goat milk. A herd of 100 goats can 
produce $200 million worth of genetically modified 
protein. 


Why only use milk glands as bioreactors? Chickens lay 
on average 250 eggs per year. The egg white contains 
about 3-4 g of protein (Fig. 8.21). 


Even if only a fraction of this quantity consisted of thera- 
peutic proteins, it would be well worth the effort. 


The production of monoclonal antibodies in eggs 
(Fig. 8.22) is already successful. 


ш 8.8 Transgenic Fish—From GloFish to 
Giant Trout 


The wise Chinese philosopher Laotse (Fig. 8.25) said: 
"Give a man a fish and you feed him for a day. Teach 
him how to fish and you feed him for a lifetime." 


Fish consumption is rising at an incredible rate. 
In 2018, around 96.7 million tons of fish were 
caught, and fish stock is increasingly under threat 
(Fig. 8.31). As a result, catches are declining. 


Could giant fish in fish farms be the way ahead? 
In 2018, 54.4 million tons of fish were bred 
in aquaculture. Gene technology has greatly 
changed the way aquaculture works. Young 
rainbow trout used to be injected with geneti- 
cally engineered salmon growth hormone. The 
fish reached twice their normal sizes. However, 
catching and injecting thousands of trout was 
difficult and expensive. Experiments with trans- 
genic trout therefore began. The growth gene can 
now be directly inserted into the fish's genome. 


The genetic modification of fish is much 
easier than that of mammals. The eggs are fer- 
tilized outside the fish body, and the embryos 
develop not inside the mother, but at the bot- 
tom of the sea, lakes, or rivers. The eggs can 
be easily collected, and there is no need for 
implantation into surrogate mothers. There is 
also an abundance of eggs compared to other 


Box 8.1 The Giant Mouse 


The gene for the growth hormone in mice (and 
men!) is usually switched on in the pituitary 
gland only. This is where the hormone is 
produced and its release into the bloodstream is 


controlled. Thus, the growth process of young 
mice is intelligently controlled. 


Ralf Brinster (b. 1932, now retired from 
University of Pennsylvania) had the ingenious 
idea of producing growth hormone in mice 
outside the control of the pituitary gland, 
e.g., the liver. This could speed up growth 
considerably. The liver synthesizes a protein 
called metallothionein which protects it from 
heavy metals. The presence of zinc stimulates 


its production. Could the gene coding for 
this protein be used to introduce the growth 
hormone into liver cells? 


When the DNA of two genes are combined with 
athe DNA of a gene that switches one of them 


on—in this case, the growth hormone gene and the 
metallothionein gene plus metallothionein promoter 


gene—and introduces them into an embryonic 
mouse, at least part of the growth hormone gene 


the production of growth hormone to begin. 


The direct approach of introducing a new gene 
into a cell involves the injection of the DNA into 
he nucleus of an oocyte under the microscope, 
in the hope that it will be inserted into the 
genome. This works very well in mice. 


can be expected to be expressed in the liver, causing 
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animal species, permitting several experiments 
to be run in parallel, which shortens research 
time considerably. 


Since fish eggs are huge, the growth hor- 
mone can be easily injected. The transgenic 
Pacific trout ( Oncorhynchus mykiss) are sev- 
eral times bigger than normal trout. As you 
can see in Fig. 8.29, they are dwarfing wild- 
type trout. 


Trout breeders also aim for better looks as 
well as taste. In salmon (Salmo salar), con- 
sumers like a pink color that used to come 
from small plankton crabs eaten by wild 
salmon. Expanding aquaculture, particularly 
in Norway, has brought about a massive 
salmon glut. Salmon has ceased to be gourmet 
food and has become an everyday item. 


Gene technology does not change the overall 
aims of breeding, but opens up an opportunity 
to insert specific genes and thus achieve the 
desired changes much more quickly and with 
more precision. Even genes foreign to the spe- 
cies can be used. 


First, the DNA containing the growth hormone 
gene, metallothionein, and its inducible 
promoter gene are prepared and inserted into 

a plasmid, which, in turn, is introduced into 
bacteria, where it is reproduced millions of 
times. The relevant DNA is cut out in large 
numbers using restriction nucleases. Nowadays, 
itis also possible to replicate the DNA using 
PCR, a technique not yet available when the 
giant mouse was created. 


The embryos are viewed under the microscope 
with a special lens of 100x or 200x 
magnification, which gives a high-contrast image 
of the cell structure. Eight to twelve hours after 
ertilization, the two circular pronuclei are clearly 
visible. The paternal pronucleus is larger than the 
maternal one. 


Using an aspiration pipette, the zygote is gently 
held, while a microinjection needle introduces 
50—500 gene copies into the male pronucleus. 
ot all embryos survive the procedure, but 
generally, 60-80% remain viable. 


The prospective surrogate mothers are mated 
with sterile males to induce a false pregnancy, 
i.e., to activate the pregnancy hormone cycle 
although the mice do not carry an embryo. 


The embryos are implanted into the surrogate 
mothers and develop into normal fetuses. After 
birth, the newly born mice spend another 

3 weeks with their surrogate mothers until they 
are weaned. 


Fig. 8.22 Human insulin, produced in the eggs 
of transgenic hens? A realistic dream. 


Fig. 8.23 Zebrafish (Danio rerio) that originate 
from the river Ganges in India and have become 
а favorite subject of biological research (see 
Box 8.2). 


Is the newborn mouse transgenic? Does it carry 
the injected DNA in its genome? Does the DNA 
replicate at each cell division during the growth 
of the embryo? 


The answers lie in a tissue sample taken from the 
tail of the mouse. Usually, PCR will show that in 
around 2776 of the offspring, the foreign DNA has 
been integrated and activated. It will be passed 
on to their progeny through their gametes. 


When exposed to small amounts of zinc, the giant 
mouse went through amazing growth spurts, 

as the liver cells produced both metallothionein 
and rat growth hormone. Switching on the 
metallothionein gene had switched on both 
genes, and the liver had no control mechanism 

to regulate growth hormone secretion. Thus, the 
growth stimulus remained unabated. 


Currently, hundreds of different strains of 
transgenic mice are available for research, 
facilitating the functional analysis of the human 
genome. Mice are good human disease models, 
e.g., for arthritis, Alzheimer's disease, and 


coronary disease. 


Ralf Brinster and the giant mouse. 
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Box 8.2 Biotech History: 
GloFish—The First Transgenic Pet 


Fish have been all the rage in the United States 
recently—first in “Finding Nemo,” and then with 
real aquarium fish that glow an attractive bright 
red when exposed to fluorescent light. The first 
genetically modified pet was created. 


Biotechnologists became interested in black light 
about 20 years ago when the firefly enzyme 
luciferase was introduced into cells of tobacco 
plants. When its substrate luciferin, which had 
been added to the water in the watering can, 
was taken up by the transgenic plants, they gave 
off a greenish-yellowy glow. This was done not 
to make tobacco harvesting at night possible or 
perhaps to add a gentle glow to Christmas trees, 
but it was an easily recognizable marker to show 
which genes had been switched on in which 
parts of the plant (see Chapter 7, Section 7.16). 


The green fluorescent protein (GFP) converts 
UV light into low-energy green light. Under 
normal electric light, a solution containing 
purified GFP looks yellow, but it glows green in 
sunlight. 


Whatever is coupled with GFP can thus be made 
visible, e.g., the journey of proteins through a cell 
or of viruses through the body. A GFP gene that 
has been introduced together with other genes 
can be seen wherever it is expressed. 


Left: The transgenic zebrafish created in 
Singapore, which were designed with the long- 
term intention to make them fluoresce when 
under stress or in the presence of heavy metals in 
the water. Right: The GFP molecule with its active 
fluorescent group. 


Researchers in Singapore tried to engineer the 
black and white zebrafish (Danio rerio) from 
the Indian river Ganges in such a way that 
the fish would glow red or green when under 
stress. Female sexual hormones (estrogens) 

or heavy metals in water can thus easily be 
detected. 


In Taiwan, Japan, and the United States, 


this bright idea became big business. Since 
November 2003, it has been possible to buy 
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GloFish for just 5 dollars in the United States. 
This rapid commercialization initially caused a 
lot of concern among the scientific community 
due to a perception that the fish were not 
adequately reviewed. However, this concern 
was almost entirely eliminated as it was learned 
that the US Food & Drug Administration (FDA) 
did review the fish. Although they decided not 
to formally regulate the fish, they did find the 
following: 


GloFish, the first transgenic pet, glows red when 
exposed to black (UV) light. 


“Because tropical aquarium fish are not used 
for food purposes, they pose no threat to the 
food supply. There is no evidence that these 
genetically engineered zebra danio fish pose 
any more threat to the environment than their 
unmodified counterparts which have long been 
widely sold in the United States.” 


Although GloFish have been marketed without 
incident, and with broad public acceptance, 
other fish have been waiting to be licensed for 
years, e.g., transgenic Pacific trout (with 
additional growth hormone). In November 2015, 
he FDA approved transgenic Atlantic salmon, 
AquAdvantage salmon. 


Even where gene technology is not involved, the 
release of a nonnative species can have disastrous 
effects, as the example of the Nile perch 

Lates niloticus) has shown. It was released 

into Lake Victoria with the best intentions, but 
has displaced nearly all local fish species, most 
importantly the famous Victoria cichlids, which it 
has driven to near extinction. 


Researchers at Purdue University (West 
Lafayette, United States) have been 
experimenting with transgenic fish for a long 
ime and found that in a Japanese relative 

of the salmon called medaka, transgenic 
males have the edge over wild-type medakas, 
as they are able to fertilize eggs four times 

as frequently. They concluded from their 
computer simulations that it would take no 
more than 50 generations of interbreeding 
to wipe out the wild-type completely. It is 


important to note, however, that in this 
simulation, the transgenic medaka reaches 

a size larger than the wild-type fish. Since 

this does not apply to the growth-enhanced 
Atlantic salmon, it is thought that it would not 
raise the same ecological concern. 


According to Internet sources such as 
Wikipedia, GloFish have continued to be 
successfully marketed throughout the United 
States. There are no reports of any ecological 
concerns associated with their sale. In addition 
to the red fluorescent zebrafish, trademarked 
as “Starfire Red,” Yorktown Technologies 
released a green fluorescent zebrafish and an 
orange fluorescent zebrafish in mid-2006. The 
new lines of fish are trademarked as “Electric 
Green” and “Sunburst Orange,” “Moonrise 
Pink,” “Starfire Red,” and “Cosmic Blue,” 
and incorporate genes from sea coral (see 
running text, p. 303). Despite the speculation 
of aquarium enthusiasts, it has been found 
that GloFish are indeed fertile and will 
reproduce in a captive environment. However, 
the sale of any such offspring is restricted by a 
US Patent. 


As of January 2007, the sale or possession of 
GloFish was not allowed in California, on the 
basis of a regulation that restricts all genetically 
modified fish. The regulation was implemented 
before the marketing of GloFish, largely due to 
concern about a fast-growing biotech salmon. 
However, since 2015 GloFish can be legally 
bought and sold in California. 


Luminescent jellyfish 


Canada imposed a ban on the import or sale of 
the fish in 2007, but later revoked it. Many other 
species of Glofish, including tetras, bettas, and 
even sharks, are now available. 


The import, sale, and possession of these fish are 
still not permitted within the European Union. 


However, it has been rumored that the 
fluorescent fish were sold in various aquarium 
shops all over Europe, especially in the 
Netherlands. 


To date, more than 35 fish species have been genet- 
ically modified in various laboratories, mainly in the 
United States, Canada, the United Kingdom, Norway, 
and Japan. The most important species has been 
Atlantic salmon (Salmo salar), followed by trout 
and carp. On November 19, 2015, the FDA approved 
the fast-growing salmon “AquaAdvantage” for human 
consumption. This was done after a tiring 18-year, 
$60-million battle by AquaBounty Technologies of 
Maynard, Massachusetts. 


Sea fish such as cod, turbot, and halibut will be more 
widely farmed in the future and have been geneti- 
cally modified. When the technology will be commer- 
cially viable is not clear yet. Intensive research has 
been dealing with the genetic modification of the 
freshwater fish Tilapia (Fig. 8.26). Originally from 
Africa, it is has become one of the most important 
farmed fish in tropical countries and is also exported 
to Europe. 


Currently, the commercial focus is on increasing the 
size of farmed fish (Figs. 8.27 and 8.28). 


Initially, attempts were made to transfer growth 
hormones from various other species (other fish, rats, 
cattle, even humans) to speed up natural growth in 
fish. However, experiments showed that the mod- 
ification of the species’ own growth hormone genes 
was more reliable and successful. Thus, e.g., if the 
Pacific salmon (Oncorhynchus) growth hormone is 
transferred into Atlantic salmon, the hormone is also 
secreted in winter, making the Atlantic salmon grow 
all year round, instead of just in spring and summer 
Fig. 8.29). 


The yield of fish farms is often considerably reduced 
through disease, as the crammed conditions of cages 
and basins favor the spread of bacterial and viral 
pathogens. Genetically transferred resistance to 
pathogens is therefore desirable for the fish-breeding 
industry. 


In 1974, a tank full of flounders froze at the University 
of Newfoundland. Most of the fish were frozen solid. 
They even had ice in their hearts. Young Assistant 
Professor Choy L. Hew (Fig. 8.30) was distraught, but 
then became very popular with his colleagues by giving 
the frozen fish away. Finally, when taking out the last 
dead fish, he suddenly discovered that some of them had 
survived the deep-freeze. 


Later, Hew discovered that they were able to survive 
due to an antifreeze protein. Once the gene coding for 
the protein had been found, scientists tried to transfer 
it to salmon. It was hoped that it would be possible to 
breed salmon in waters at near freezing temperatures. 
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Hew became very successful in producing transgenic 
fish at the University of Singapore. 


The transfer of antifreeze genes is supposed to enhance 
he cold-water tolerance of salmon or other farmed 
fish and would allow the fish to be farmed in regions 
where it had been so far impossible due to harsh winter 
emperatures. 


Ecologists have general reservations about the produc- 
ion of transgenic fish. There is no guarantee that 
hey will not escape from fish farms and spread uncon- 
rollably. When the Nile perch (Lates niloticus) was 
introduced into Lake Victoria, it devastated the native 
cichlid population and half of the native species became 
extinct. 


The greatest fear associated with the intentional or 
unintentional release of transgenic fish into the wild 
is crossbreeding with the wild population. The es- 
cape of farmed fish into the open sea cannot be avoided. 
Recent research therefore explores the creation of ster- 
ile transgenic fish that will not be able to spread their 
genes. 


It is far less likely for transgenic cattle and pigs 
to become feral in densely populated developing 
countries. They are simply caught and eaten. There 
are exceptions, however. On the remote Galapagos 
islands, wild domestic pigs ate the eggs of the famous 
tortoises that inspired Charles Darwin. The only natu- 
ral predators the tortoises had known until then were 
seagulls. 


In Taiwan and the United States, transgenic zebrafish 
that are fluorescent under UV light cost only 5 dollars 
when they hit the market in 2003. They were called 
GloFish and became the first transgenic pets. GloFish 
exist in various colors—some carry the green fluores- 
cent protein GFP gene from luminescent jellyfish, 
others red fluorescent protein (DsRED) gene from 
the coral-like sea anemone of the genus Discosoma in 
its genome (Box 8.2). Six different colors are available. 
Later additions to the GloFish zoo include, tetras, tiger 
barbs, rainbow sharks, and Pristella fish. 


In GloFish, the fluorescent gene was introduced into the 
genome of the tropical zebrafish (Danio rerio), which is 
normally just black and silver. Even just a trace of black 
light will make the fish glow bright red (Box 8.2). 


The glowing fish had first been developed by Singapore 
University to use them as detectors of water pollu- 
tion. An earlier form of the genetically engineered fish 
glowed red or green only when the surrounding water 
contained toxins. 


ANDi, the first genetically engineered primate, 
was created in 2000 and is also carrying jellyfish 


Fig. 8.24 Bioluminescence makes 
mushrooms glow in the dark. 


Fig. 8.25 Laotse, also known 

as Li Er. He is supposed to have 
been an older contemporary of 
Kung Fu-Tse (551-479 ВС). 


Fig. 8.26 Tilapia is a fish that 
has its home in the warm waters 
of Africa and the river Jordan. 
They are also known as St. 
Peter’ s fish and are suitable for 
breeding in areas where protein 
is at a premium. They are not 
choosy and will feed on any 
organic matter. They reproduce 
rapidly, are disease-resistant, 
and produce valuable food. 


Fig. 8.27 Transgenic Tilapia 
(left) in comparison with the 
wild-type species. 


Fig. 8.28 Norman Maclean of the 
University of Southampton is 
working on transgenic Tilapia 
and medakas. 
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Box 8.3 The Expert’s View: 
Aquarium Alzheimer's — Zebrafish 
Shedding Light on the Darkness of 
Dementia 


Alzheimer’s Disease—A Common 
Dementia and Its Molecular 
Mechanisms 


Alzheimer’s disease has become very 
widespread in recent years. While there are 
more than a million cases in Germany alone, 
worldwide cases are about 50 million, with 
nearly 5 million new patients being diagnosed 
each year. This type of dementia is named after 
the German psychiatrist Alois Alzheimer 
(1864-1915), who first diagnosed it in a 
patient over 100 years ago. 


The patient suffered from orientation problems 
and dramatic memory loss. However, the 
underlying cause for the symptoms could only 
be found after her death when her brain was 
studied. It had shrunk significantly, and a 

large proportion of neurons had died. Under 
the microscope, Alzheimer found thread-like 
protein deposits that looked a bit like spaghetti 
stuck together. He called these neurofibrillary 
bundles. 


These bundles are now called tangles, 
consisting of clumped-together « protein 
molecules. To this day, the presence of tangles, 
accompanied by deposits of В amyloid protein 
called amyloid plaques, are the major hallmarks 
for the diagnosis of Alzheimer's dementia 
(Fig. 1A). The « protein is found in all human 
neurons, mainly in the slender projections 
called axons, which establish the connection 
between neurons to transmit information. 
The axons are crucial for the functioning of 
neurons, as they provide the route on which 
information travels from cell to cell. The t 
protein stabilizes the internal structure of the 
axons in a way similar to sleepers between 
rails. Molecular analysis revealed that in 
Alzheimer patients, the т protein undergoes 
characteristic biochemical changes that 
impair its function within neuronal cells. 
Large clumps of « protein clog up the cell 
bodies to form tangles typical for Alzheimer's 
dementia. The « molecules in tangles can no 
longer act as sleepers between the rails of the 
intracellular transport system and cause it to 
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Fig. 1 Zebrafish provide animal models for 
research into neurodegenerative dementia. 
Typical neuropathological findings in Alzheimer' s 
disease with neurofibrillary tangles (arrow) and 
senile plaques (asterisk) (A) (from Lichtenthaler, 
SF Haass C (2004). Journal of Clinical 
Investigation). Lateral view of an adult zebrafish 
(B) (photo: Mathias Teucke) and a 3 day-old 
zebrafish larva (C). 


break down. Metabolites and energy no longer 
reach the crucial cell junctions or synapses. 
The starvation of the synapses leads to the 
breakdown of neurotransmission and the death 
of neurons. 


Research Into the Causes 
of the Disease in Animal 
Models 


Decades of intense research into the causes 
of Alzheimer's dementia have not yet led to 
the discovery of a cure. Molecular biologists 
and medical researchers all over the world 
must dig deeper to find out more about the 
underlying causes of the disease. Above all, 

a better understanding is needed as to which 
factors are involved in the death of neurons 
and how the process can be halted. However, 
today's scientists are facing the same dilemma 
that Alois Alzheimer encountered in his days: 
As long as patients are alive, there is no way 


researchers can open their skulls to see what is 
going on. They must wait for a patient's death 
before they can analyze their brain tissue, 

and by then, the disease is at an advanced 
stage and the neurons have degenerated long 
ago. It is impossible to tell what caused the 
degeneration. 


An insight into what happens to 

neurons before they perish in Alzheimer's 
dementia can be gained from animal models, 
i.e., lab animals that suffer from 

the disease. 


How are such animals created? Scientists 
developed molecular biological methods to 
insert a defective human gene into the animal's 
genome. The result is a transgenic animal 
model. The inserted gene causes a defective 
protein to form, such as the abovementioned 
protein. The insertion of the gene mimics 
the disease in the transgenic animals, which 
can then be studied. However, the animals 
that have so far been used, such as mice, are 
unsuitable for the long-term observation of a 
living nervous system. After all, they are not 
transparent. 


Alzheimer Research in 
Zebrafish 


Transparency—this is precisely where zebrafish 
come in. They have long been used in basic 
research, for instance, in the study of embryonic 
development. The morphology of major organs 
such as the nervous system largely resemble that 
of humans. In addition, zebrafish have all the 
relevant genes involved in the development 
of dementia in humans. 


Since the larvae are totally transparent, they 
offer a unique opportunity to 

study neurons in the living animal. In zebrafish, 
the unfolding of the disease 

could be observed in vivo over a longer 

period of time. 


A transgenic or “Alzheimer’s” zebrafish was 
created by inserting the defective human t gene. 
It was crucial to ensure that the gene would be 
activated in the right cells at the right time to 
produce the defective protein. A gene not only 
has a blueprint for the protein, but also a control 
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Fig. 2 Creating and characterizing tau- 
transgenic zebrafish. The dementia gene tau 
is combined with fluorescence gene DsRed 
and the promoter sequence (PS) and injected 
into fish eggs. The resulting transgenic 

fish produce Tau and DsRed in the neurons 
within their nervous system (A). After a 

few hours, the first pathological changes 

arise (phosphor-tau, B). After a few weeks, 

tau protein tangles can be observed (C) 
(photography Astrid Sydow). In a time-lapse 
video, the death of the neuronal cells could be 
observed for the first time in real time (stills of 
the video, D). 


switch called a promoter. The promoter ensures 
that each cell in an organism knows when and 
in what tissues a certain gene is to be activated. 
The « gene was combined with a promoter that 
activates it in zebrafish neurons. 


In order to make neurons containing the 
Alzheimer gene visible, a fluorescent gene 
called DsRed (see Box 7.10) from coral was 
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introduced. Just as the coral glows dark red, so 
do the neurons containing an active Alzheimer 
gene in the zebrafish. The first changes typical 
for the early stages of Alzheimer’s dementia 
occurred within a few hours. Some neurons 
began to die and the t protein tangles arose 
(Fig. 2C). Thus, the transgenic zebrafish 
fast-forward the neuropathological 
symptoms of human Alzheimer’s 
dementia, which makes them ideal study 
subjects. 


Neurodegeneration Live 


What exactly happens to the affected 
neurons? In order to be able to watch the 
process in detail, anesthetized zebrafish 
larvae were treated with a dye that stains 
the DNA in the dying cells green. The dying 
red fluorescent neurons with their green 
fluorescent nuclei could be easily identified 
and observed under the fluorescence 
microscope. The nervous system of the 

fish larvae was then recorded with a video 
microscope over several hours. 


This resulted in a very special animal film. For 
the first time ever, researchers were able to watch 
the degeneration process of neurons affected 

by Alzheimer’s dementia in an animal model 

and to study it in detail. The experiment was 

a major breakthrough in Alzheimer’s research, 

as being able to watch in detail the pathogenic 
process will lead to a better understanding of 
what actually kills the neurons. The knowledge 
thus gained could make the development of new 
treatment methods for Alzheimer’s patients a lot 
easier. 


Zebrafish in Pharmaceutical 
Research 


It was also shown that the animal model could be 
directly used to develop and test new treatment 
methods. This involved determining the 
molecular structure of the enzyme that causes 
the pathogenic changes in the t protein. The 
resulting structural model was digitalized, and 
new agents were developed that would lock on 
to the active site of the enzyme to block it from 
functioning. 


Zebrafish larvae can directly take up substances 
dissolved in water. Thus, the 


new agents could be tested simply by 
adding them to petri dishes with live zebrafish. 


As these tests are so easy to conduct, it is 
hoped that zebrafish larvae can help scientists 
to discover many more medically active 
substances. The fish larvae are very small, 
which makes them easier to handle, and they 
have far more offspring than conventional 
test animals such as mice. All this will help to 
speed up the development of new drugs. 


There is a bright future for little fish 
in Big Pharma! 


Dominik Paquet is a Professor at the Graduate 
School of Systemic Neurosciences, Ludwig- 
Maximilians-Universitat Munich. 


Christian Haass holds the Chair for Metabolic 
Biochemistry at the Ludwig-Maximilians- 
Universitat and became the Director of the 
German Centre for Neurogenerative Diseases in 
Munich in 2009. 
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Fig. 8.29 Wild-type trout (top); 
size comparison between 
transgenic Pacific trout and 
wild-type trout (bottom). 


Fig. 8.30 Choy L. Hew of the 
University of Singapore worked 
on transgenic antifreeze fish 
and is now cooperating with 
Norman Maclean on Tilapia. 


Fig. 8.31 Coral reefs suffer from 
overfishing, and often illegal 
methods are used to improve 
fish collection such as attacks 
with cyanide and dynamite. 
The fish are then sold in Hong 
Kong’ s restaurants. 


Fig. 8.32 Knockout mice. 


Fig. 8.33 Transgenic 
pigs produce organs for 
xenotransplants. 
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genes. ANDi is the reversed acronym for inserted 
DNA. Here, GFP is used as a reporter protein to la- 
bel the activated genes. The gene has been success- 
fully transferred, but not activated. So ANDi does not 
glow! 


In 2003, by contrast, the activation of fluorescent genes 
introduced into transgenic pigs was successful. 


A total of 30 piglets emanated a green glow in the 
Munich piggery of reproduction biologist Eckhard 
Wolf (b. 1963) and pharmacologist Alexander Pfeifer. 
Lentiviruses had been used as vectors of the jellyfish 
genes (Box 8.4)—a step on the route of gene pharming 
from vision into reality. 


The ethical reservations about gene pharming must 
be taken seriously, in spite of the obvious advantages 
the method has to offer—after all, milking transgenic 
cows, sheep, or goats is much easier than milking 
mice. 


Various pharmaceutical products have already been ob- 
tained in this way, with yields of 35 g/L. The products 
can be either isolated from the milk or consumed with 
it. One good dairy cow can produce 10,000 L (2600 gal) 
of milk per year. This could cover the total US demand 
for Factor VIII (120g) for the treatment of hemophilia. 
However, the production method has not yet been li- 
censed (see also Chapter 9). 


Other proteins on the wish list are insulin, eryth- 
ropoietin (EPO, see Chapter 9), fibrinogen, hemoglo- 
bin, interleukin-2, growth hormone, and monoclonal 
antibodies. 


It remains to be seen whether transgenic animals (a very 
emotion-fraught topic for animal lovers) or their mute 
relations, transgenic plants, will be ahead in the Gene 
Pharming Race. 


ш 8.9 Knockout Mice 


Mice reproduce up to eight times per year, having 
three to eight young ones each time. After 4—6 weeks, 
they become sexually active and have a lifespan of 
2 years. Thus, a mouse can produce up to 150 off- 
spring during its lifetime! This makes mice ideal lab 
animals. 


The "nude mouse" has no hair and is used for skin 
sensitivity tests. It is known as a knockout mouse 
(Fig. 8.32) and caused an uproar in the media, but it 
is worth keeping in mind that research into human 
diseases such as SCID (immune deficiency), can- 
cer, and hypertension would not have made much 
progress without specific knockout mice. More than 
5000 human diseases are caused by defective 
genes. 


In gene targeting, specific genes are switched off in 
order to clarify the role of those genes in the phenotype. 
As 9976 of mouse genes have human equivalents, this 
can be very instructive. 


A nonfunctional (knockout) gene is transferred 
into embryonic stem cells (ESCs). This is done by 
cutting out part of the DNA in a first step, or some 
of the DNA is replaced by nonfunctional DNA. The 
introduced gene associates physically with the сог- 
responding gene in the mouse chromosome and sets 
off an exchange process (homologous recombination) 
that is not yet well understood. The embryonic stem 
cells that have been thus modified are injected into 
an early mouse embryo, in the hope that they will be 
integrated. The embryo is then implanted into a sur- 
rogate mother. 


The next-generation mice are tested as to whether the 
knockout gene has been passed on. In this generation, 
each individual has two gene copies, a normal and an 
inactivated one—in other words, the mouse is heterozy- 
gous regarding that specific gene. Through crossbreed- 
ing with other heterozygous mice, homozygous mice 
arise that do not produce the protein the knockout gene 
was supposed to block. 


It takes two generations of interbreeding of these ani- 
mals to end up with purebred knockout mice. 


Knockout mice have helped scientists to make dramatic 
progress in research into human cystic fibrosis, for ex- 
ample. Cystic fibrosis is the most widespread he- 
reditary disease among Caucasians. Approximately 
1 in 2000 newborns is affected. Also, 1 in 20 carries the 
defective gene. The patients' lungs clog up with large 
amounts of sticky mucus, which leads to breathing dif- 
ficulty and susceptibility to lung infections. A cure has 


not yet been found. It is not difficult to see 
that the knockout approach could also be very 
useful in studying cancer. 


B 8.10 Xenotransplantation 


The demand for organ transplantation is grow- 
ing steadily. In the United States, more than 
122,000 people are waiting for an organ 
transplant. Demand is rising, while willing- 
ness to donate stagnates. In this situation, xe- 
nologous organs obtained from animals or 
organs grown in tissue culture could be the 
Way forward. 


Pigs are the most suitable animals to provide 
human organs, due to their size, physiology, 
and anatomy (Fig. 8.33). However, the major 
problem that needs to be overcome is immune 
rejection. Human antibodies react to antigens 
on the surface of a porcine organ as they 
Would to any foreign molecule. It is therefore 
a matter of outwitting the immune defenses 
through genetic engineering. 


The first transgenic pig, named Astrid, was 
born in 1992. Transgenic pigs produce human 
immune defense regulators that prevent the 
organism from recognizing the organ as for- 
eign. In the first transgenic pigs that were de- 
veloped specifically for xenotransplantation 
by the Scottish company PPL Therapeutics, 
the gene for o-1,3-galactosyl transferase (an 
important enzyme that builds sugars in por- 
cine cell membranes) was silenced. 


Sugars play an important role in the immune 
response. Their absence reduces the chance of 
rejection of the transplant tissue by the recip- 
ient organism. 


The 30-60-day survival of pigs’ hearts in pri- 
mates is somewhat of a success, while non- 
transgenic control hearts were attacked by the 
recipients’ immune system within minutes. 
All recipients were given additional immuno- 
suppressants (cyclosporin, see Chapter 4). 


There is, however, the risk that animal vi- 
ruses (e.g., the porcine endogenous retrovirus, 
PERV) that are innocuous to pigs could be 
passed on to humans via transplanted organs 
and prove pathogenic to humans. 


Human insulin-producing islet cells from 
knockout pigs that do not produce porcine 
insulin will probably be transplanted to treat 
serious diabetes. 
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Tissue engineering involves fewer risks. 
Cells such as human nose or ear cartilage cells 
are grown on polymer scaffolding in nutrient 
broth. In order to avoid rejection problems, 
the cultured cells are taken from the recipient. 
They can be molded and implanted to give a 
nose a better shape. 


B 8.11 Cloning— Mass Production 
of Twins 


The word cloning sends a shiver down the 
spines of many people, although the mean- 
ing of the Greek word “klon” is shoot or twig 
(Box 8.4). 


A gardener who grows a plant from a cutting 
or puts a graft on a fruit tree produces a clone. 
Biologists call it asexual reproduction. 


Greenflies are masters of cloning, and 
male bees or drones develop from unfertilized 
eggs (Fig. 8.35). 


The more highly developed an organism, the 
lower the chances of asexual reproduction. 
It is assumed that sexual reproduction had 
the evolutionary edge when it came to adapt- 
ing to environmental conditions. The choice 
of a sexual partner involves competition and 
results in the selection of the best-adapted 
individuals. 


At the same time, the genetic material is rear- 
ranged when gametes form, offering unlimited 
variation possibilities and ensuring that there 
will always be individuals flexible enough to 
adapt to further changes in living conditions. 
Cloning does not offer these options. 


Apparently sexual reproduction promotes 
variation and selection, which are the all- 
important evolutionary factors, according to 
Charles Darwin and Alfred Wallace. 


However, this does not exclude the possibility 
of genetically identical individuals arising from 
sexual reproduction. Identical twins make up 
0.3% of human births. 


From a genetic point of view, according to 
bioethics professor Jens Reich (Fig. 8.54), a 
clone is just a twin being born with a time lag. 


ш 8.12 Clones of Frogs and Newts 


German zoologist Hans Spemann (1869- 
1941) carried out experiments with newt 
embryos, partially tying off a fertilized oocyte 


Neither genetically engineerered, 


nor a human ear! 


Fig. 8.34 Back in 1997, a rather bizarre 
photograph suddenly became very 
famous. It showed a totally hairless 
mouse, with what appeared to bea 
human ear growing out of its back. That 
photograph prompted a wave of protest 
against genetic engineering, which has 
not yet abated. 


But there was absolutely no genetic 
engineering involved, says Australia' s 
most popular science writer Karl S. 
Kruszelnicki (see www.abc.net.au/ 
science/k2/aboutkk.htm). 


In August 1997, Joseph Vacanti and his 
colleagues wrote their groundbreaking 
paper in the journal Plastic and 
Reconstructive Surgery. The publicity 
was enormous. The “mouse-ear” project 
began in 1989, when Vacanti managed 

to grow a small piece of human cartilage 
on a biodegradable scaffold. The scaffold 
was the same synthetic material, used 

in dissolving surgical stitches. After 

8 years, Vacanti' s team were able to 
mold their sterile biodegradable mesh 
into the exact shape of the ear ofa 
3-year-old. The next step was to seed this 
ear-shaped scaffold with cartilage cells 
from the knee of a cow. 


Where does the mouse come in? Its only 
purpose in this project was to supply 
nutrients and energy to make the cow 
cartilage cells grow. The team used a 
Nude Mouse. The Nude Mouse got its 
name thanks to a random mutation in 
the 19605 that left the mouse with no 
hair, and virtually no immune system, so 
the mouse would not reject the foreign 
cow cartilage cells. The cartilaginous 
ear was implanted under the skin of the 
mouse. Over some 3 months, the mouse 
grew extra blood vessels that nourished 
the cow cartilage cells, which then grew 
and infiltrated into the biodegradable 
scaffolding (which had the shape of a 
human ear). By the time the scaffolding 
had dissolved, the cartilage had grown 
strong enough to support itself. 


That cartilaginous structure that looked 
like a human ear was never transplanted 
onto a human because it consisted of cow 
cells and would have been rejected by any 
human immune system. 
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Box 8.4 The Expert’s View: 
Animal Cloning in Germany 


On December 23, 1998, Uschi was born in 
Munich—the first transgenic calf in Europe. Like 
Dolly, it had been cloned from cells of an adult 
animal. 


r 


Uschi is the first cloned calf in Europe. 


What Is Cloning by Nuclear Transfer? 


The basic technique of nuclear transfer is easy 
to understand. To put it simply—the nucleus 
of a donor cell is introduced into an egg cell 
that has been previously enucleated. Thus, a 
new embryo is created—an embryo with a 
difference, because in Uschi's case, as in Dolly 
the sheep, the nucleus came from a mammary 
gland cell. 


After nuclear transfer, something fascinating 
happens that we reproductive biologists have 
not yet fully understood, not even after the birth 
of Dolly. The nucleus that heretofore had been 
totally specialized to take over the function of 

a mammary gland cell is reprogrammed. It is 
rejuvenated and transformed into a nucleus able 
to activate the programming for all potential 
organ functions. 


The current genetic program is temporarily 
brought to a halt and then reactivated by 
complex mechanisms. Depending on how well 
the restart of the program works, a cloned 
embryo may develop into a complete 
organism. 


A Dogma of Cell Biology Has Been 
Overturned 


Pioneering experiments at the Roslin Institute 
near Edinburgh showed for the first time that 
under certain conditions, even cells of adult 
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animals can be used for nuclear transfer. The 
experiments that culminated in the creation of 
Dolly refuted a central dogma in cell biology 
according to which whole organisms can only 
develop from embryonic cells. 


It was no surprise that these results 

were first met with skepticism by many well- 
known scientists. Meanwhile, such doubts 
have been scattered by the successful repetition 
of the experiment in various animal 

Species. 


Reproductive Biotechnology — Key to 
Fast-Track Breeding 


In the past, all knowledge about the heritability 
of traits was derived from the phenotype, i.e., 
the visible traits of an animal. Through genetic 
engineering methods, it is now possible to access 
the genetic material directly. 


Genome analysis can provide a better 
understanding of the structure and function 

of genetic material to identify and select 

relevant genetic traits for breeding. Attempts of 
genotyping are now being made by tagging causal 
genes without specifically characterizing them 

(2 genomic selection). 


This requires the availability of a large number of 
single nucleotide polymorphism (SNP) tags and 
chip-based typing technology. This, however, is 
only one aspect. 


To make full use of the advantages of the direct 
identification of genotypes, the reproduction 

rate of genetically desirable animals must 

be increased. In cattle breeding, artificial 
insemination has been established since the 
1950s and made the rigorous selection of 
breeding bulls possible. Embryonic transfer 
(ET) as a biotechnological method encompasses 
the hormonal enhancement of the ovulation 

rate in genetically valuable donor animals, the 
harvesting of embryos, and their implantation 
into recipient animals. Thus, the selection 
process has also been improved in females. It is, 
however, a laborintensive and costly process, and 
often the success rate is insufficient. Alternative 
or complementary techniques are therefore more 
than welcome. 


For the in vitro production (IVP) of bovine 
embryos, egg cells are harvested from the ovaries 


of slaughtered cows. These are grown in culture 
until maturation, then fertilized and cultured for 
another 6-8 days until they are ready for transfer. 
The IVP of bovine embryos has immediate 
practical use because genetically valuable or 
threatened races can be preserved when the 
animals must be slaughtered because of age or for 
other reasons, e.g., the foot-and-mouth disease 
epidemic in Great Britain in 2001. 


Egg cells are increasingly harvested from living 
heifers and cows (ovum pickup, OPU) and used 
for the IVP of bovine embryos. Egg harvesting is 
an important technique for boosting the numbers 
of valuable breeding stock. 


Reproductive Biotechnology to Produce 
Genetically Modified Large Animal Models 
for Biomedical Research 


Up until now, gene transfer in farm animals 
meant that many copies of the genetic 
information to be transferred had to be injected 
into fertilized egg cells (= pronuclear DNA 
microinjection). This procedure, however, is 
very inefficient, as only a small proportion of 
injected egg cells will actually insert the 
genetic information into their DNA. To produce 
just one or two transgenic offspring with the 
desired additional or modified useful gene, 
hundreds of fertilized egg cells must 

be injected. 


The use of viral vectors resulted in a significant 
increase in the efficiency of gene transfers. 

They exploit the ability of certain viruses to 
enter their hosts and insert their own genetic 
material—including previously inserted foreign 
genes—into the DNA of the infected cell. 

n many cases, however, this method was 
unsuccessful because the infected cell disabled 
he viral genetic material, which could then not 
be reactivated. 


The research groups of Eckhard Wolf and 
Alexander Pfeifer found a way to circumvent 
this problem, using state-of-the-art viral 
technology. To establish their method, they used 
a gene for green fluorescent protein, (GFP)—an 
excellent reporter gene in tissue. The scientists 
infected pig embryos with a lentivirus during 
early development, at the one-cell stage. Overall, 
46 piglets were born, of which 32 or 70% were 
carrying the GFP gene. Of these, 30 pigs or 
94% showed gene activity. Not only did all their 


tissue and gametes light up green, but even their 
offspring carried the gene. 


Using lentiviral gene transfer, Eckhard 

Wolf's team generated the first genetically 
modified pig model that reflects important 
aspects of type 2 diabetes. Type 2 diabetes is 
widespread with serious medical and economic 
implications. One in two cases of myocardial 
infarction or stroke, as well as other sequelae, 
can be put down to this severe metabolic 
disorder. 


In Germany alone, over seven million are 
affected by the disease, while it is estimated 
that by 2030, the worldwide number may 
reach 370 million. In type 2 diabetes, a 
combination of genetic and environmental 
factors reduces the effect of the hormone 
insulin in the body, leading to chronically raised 
blood sugar levels. If, after a meal, the blood 
sugar level rises, the В cells in the pancreas 
Secrete insulin as needed. 


The hormone makes the surplus sugar available 
to other cells, such as muscle cells. This 
regulation process has been disrupted in type 

2 diabetes, where cells no longer respond to 
insulin. As blood sugar levels remain chronically 
raised, serious sequelae may ensue, such as 
cardiovascular diseases, renal failure, and 
blindness. 


Transgenic pigs into which GFP genes have been 
inserted have a green glow. 
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Up until a few decades ago, this form of 
diabetes was known as old-age diabetes, 

but it is increasingly found in young adults, 
eenagers, and even children. So far, it has 
been incurable. The younger the patients, 

he more likely it is that serious illness will 
develop after decades of chronic disease. The 
wo endogenous incretin hormones GIP, short 
for “glucose-dependent insulin-releasing 
polypeptide,” and GLP-1, short for “glucagon- 
like peptide-1,” are released from the intestine 
after food intake and reach the pancreas 

via the bloodstream, where they stimulate 

the formation and release of insulin. GLP-1 
preparations have been used with great success 
in diabetes therapy. GIP, by contrast, has only 
a limited effect on patients, and the verdict is 
still out whether this is the cause or the effect 
of type 2 diabetes. 


The Munich research team has generated 

a genetically modified pig with seriously 
reduced GIP function—just as in type 2 diabetes. 
The animals had not only reduced sugar 
metabolization and insulin release, but also a 
reduced mass of 6 cells. This makes the model 
organism ideal for trying out new therapies 
aiming at the preservation and/or augmentation 
of the functional D cell mass. The Munich 
researchers now have four different porcine 
models for diabetes research, a globally unique 
resource. 


Cloning as a Way of Generating Large 
Animal Models With Tailor-Made 
Genetic Modifications 


When choosing a strategy for cloning, the first 
step, the actual gene transfer, can take place in 
a cell culture—choosing those cells in which 
the desired genetic information has been firmly 
inserted and transferring their nuclei into 
denucleated egg cells. This results in a 

nuclear transfer embryo with potential for 
development, which can be inserted into a 
recipient animal and develop into a 

transgenic offspring. 


Cloning pigs from cells with targeted genetic 
modification is essential especially for the 
genetic modification of pigs as organ donors in 
xenotransplants. This allows, for example, to 
genetically remove interfering sugar residues 
from the surface of porcine cells, which can 
cause hyperacute rejection of porcine tissue in 


primates. However, this is just the first step in a 
whole cascade of rejection responses that need 
to be overcome. To ensure the long-term survival 
of xenotransplants, several strategies must be 
combined by creating multitransgenic pigs. Such 
multitransgenic pigs are currently best created by 
cloning techniques. 


A further application area is the creation of 
models for hereditary diseases in humans, 
the objective being to develop new treatments 
that can be tested for efficacy and safety. This 
is particularly important where no other animal 
models for the disease in question are available 
or where phenotype changes in the human 
disease can only be inadequately reflected. In 
this context, the research group of Eckhard Wolf 
has recently succeeded in developing porcine 
models for cystic fibrosis and Duchenne’s 
muscular dystrophy. 


The advantage of these targeted animal models 
is that they show the causes of human disease 
in molecular detail, which raises hopes for the 
validity of results in future studies. 


Prof. Eckhard Wolf 
(b. 1963) is Director 
of the Center for 
Innovative Medical 
Models (CiMM), 

at the Ludwig 
Maximilian University 
of Munich, Germany. 
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Box 8.5 Biotech History: 
“Clonology” 


The chronology of cloning—dubbed “clonology” 
by Hwa A. Lim in his book Sex [s So Good, Why 
Clone?—probably began with parthenogenesis 
(Greek for virgin birth) when German embryologist 
Oskar Hertwig (1848-1922) added strychnine 
or chloroform to sea urchin eggs and got them to 
develop without the use of sperm. 


Jacques Loeb (1859—1927) repeated the 
experiment 3 years later. In 1900, Loeb pricked 
unfertilized frog eggs with a needle and set 

off their embryonic development. In 1936, 
Gregory Goodwin Pincus (1903-1967) used 

a temperature shock to start off embryonic 
development. It was not until 2002 that Jose 
Cibelli of Advanced Cell Technology reported the 
successful parthenogenesis of the first primate, a 
macaque called Buttercup. 


Paul Berg (b. 1926) 
was the first to clone 
genes successfully. 
He later called for 

a moratorium in 
order to keep DNA 
experiments under 
control. He was 
awarded the Nobel 
Prize in 1980. 


In 1972, Paul Berg (b. 1926), Stanley 
Cohen (1922-2020), Annie Chang 
(Stanford), Herbert Boyer (b. 1936), and 
Robert B. Helling (UC San Francisco) made 
significant progress in the cloning of genes (see 
Chapter 3)—foreign DNA was inserted into 
bacteria, e.g., and was replicated, i.e., copied or 
cloned, millions of times. 


In 1976, Rudolf Jaenisch (b. 1942, then at the 
Salk Institute, La Jolla) injected human DNA 


into just fertilized murine egg cells to obtain 
mice with human DNA in their genome. These 
founder mice passed on their genetic material 
to their offspring. Transgenic mice had been 
created. 


Cloning has remained a contentious issue in the 
public debate. 


Two years later, on July 25, 1978, Louise Joy 
Brown was born. She was the first test-tube 
baby in history. The British doctors Bob 
Edwards (1925-2013) and Patrick Steptoe 
(1913-1988) went down in history as the 
founder fathers of in vitro fertilization (IVF). 

In 1983, Kary Mullis (1944—2019) (see 
Chapter 10) invented the PCR, a method that 
allowed billions of copies to be made from 
DNA and RNA sections—to clone them. 


Steen Willadsen (b. 1943) succeeded in 1984 in 
cloning a living lamb from immature embryonic 
sheep cells. A year later, he moved on to Grenada 
Genetics to clone cattle for commercial purposes. 
Animals developed from embryonic cells, 
however, still contain the genetic material of both 
parents, as they arise from sexual reproduction. 
In 1995, Ian Wilmut (b. 1944) and Keith 
Campbell (1954—2012) let embryonic sheep 
cells go through a dormant phase before their 
nuclei were implanted into sheep cells. In 1996, 
Dolly was born (see Box 8.6). 


In 1998, Teruhiko Wakayama of Hawaii 
developed what became known as the Honolulu 
technique, creating several generations of 
genetically identical mice. At the Kinki University 
in Japan, eight calves were cloned from one cow, 
and in Germany, the cloned calf Uschi was born in 


1998 (Box 8.4). In South Korea, cells were taken 
from an infertile woman in 1999 and cloned into an 
embryo where they reached the four-cell stage. The 
experiment was then terminated for ethical and 
legal reasons. The embryo was never implanted. 


At the same time, at Texas A & M University, the 
calf Second Chance was cloned from a 21-yearold 
Brahman bull named Chance. It is the oldest cloned 
animal to date. In 2000, the female rhesus macaque 
Tetra was created by cloning, whereas in Japan and 
Scotland, pigs were cloned. 


Steve Stice trebled the success rate in cattle 
cloning in 2001 using skin and kidney cells. 
For the first time, cells of a cow that had been 
Slaughtered 48h ago were used. 


Prometea, the first cloned Haflinger horse, was 
cloned in Italy from skin cells in 2003. 


Top: Cloned pigs; bottom: Second Chance, the 
Brahman bull created from a nucleus of the 
donor, the bull Chance, that was 21 years old 
and, due to testicular surgery, no longer fertile. 


Fig. 8.35 Polyps can 


reproduce through budding. 


Drones develop through 
parthenogenesis. 
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(zygote). Through this ligature, the nucleus ended up 
in one side, which was the side that began to cleave. 
When one of these cleaved cell nuclei was allowed to 
pass through the ligature into the uncleaved cytoplasm, 
it began to cleave as well. This is why the procedure 
was named "delayed nucleation." Both halves devel- 
oped into complete embryos. This experiment inspired 
Spemann to suggest a further experiment in which nu- 
clei of developed somatic (body) cells could be used to 
promote the normal development of oocytes. He was 
the first zoologist to be awarded the Nobel Prize for 
Physiology or Medicine in 1935 (Fig. 8.36). 


Nowadays, Spemann's suggestion is described as nu- 
clear transfer into an enucleated egg cell. 


It was first successfully performed in 1952 at the Cancer 
Research Institute in Philadelphia by Robert Briggs 
(1911-1983) and Thomas Joseph King (1921—2000). 
They destroyed the nucleus of a just-fertilized egg cell 
using UV light and replaced it with the nucleus of a blas- 
tocyst cell of a leopard frog. Blastocysts are liquid-filled 
hollow spheres consisting of approximately 100 cells, 
which form a week after fertilization. The thus activated 
egg began to turn into a "fatherless tadpole." The same 
technique, however, did not work in embryos that had 
developed into the gastrula or neurula stage, nor was it 
successful in mature somatic cells. 


The experiments that British biologist John Gurdon 
(b. 1933) carried out with the South African Clawed 


Frog (Xenopus laevis, see Chapter 3) in the early 1960s 
received a wider attention. Gurdon won the Nobel Prize 
in 2012. 


Using a fine glass capillary, he punctured a cell from the 
intestinal wall of a tadpole and vacuum-extracted the 
diploid (containing a double set of chromosomes) nu- 
cleus. He used the same capillary to puncture the oocyte 
of a frog and insert the nucleus of the intestinal wall cell. 


The haploid (containing a single set of chromosomes) 
nucleus of the unfertilized egg cell had been either ir- 
radiated with UV or completely destroyed by vacuum 
extraction. There was no way for DNA fragments to 
reorganize. 


It was a limited success, as only a few of the thus cre- 
ated diploid egg cells behaved like fertilized egg cells, 
going through cell division and tadpole stage to end 
up as healthy frogs. There were also malformed and 
diseased animals, but the method worked in princi- 
ple—proof of the omnipotence of the nucleus of a 
differentiated cell. 


Critics would still argue that an intestinal cell of a 
tadpole is not a terminally differentiated cell. So John 
Gurdon repeated the experiment using cells from the 
webbed feet of fully grown clawed frogs. He obtained 
a sizeable number of adult animals through serial 
cloning. 


Serial cloning is the transfer of a nucleus into an 
enucleated oocyte, where it grows into a blastocyst, 
which, in turn, is transferred into enucleated oocytes. 
This is the nucleus-conditioning procedure used in 
Dolly, the cloned sheep (see section that follows). 
It would seem that the DNA of a terminal nucleus 
unpacks for transcription only if certain experimental 
conditions are fulfilled. 


These transfer experiments showed that a mature so- 
matic cell contains the full information to create an 
entire organism and—if the conditions are right—has 
the ability to activate the development program. This, 
however, is a complex process that mostly ends in 
failure. 


= 8.13 Dolly — The Breakthrough in 
Animal Cloning 


In the decades after these experiments, various attempts 
to clone mammals failed, such as with mice in the 
1970s. А mammalian oocyte is 4000 times smaller than 
a frog egg. The egg cell of a mouse has a diameter of a 
tenth of a millimeter. 
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A breakthrough came in Cambridge in 1986 when 
Danish biologist Steen Willadsen (b. 1943) denucle- 
ated the egg cells of sheep. He introduced the nuclei 
of sheep zygotes into the enucleated egg cells, and em- 
bryos developed. However, experiments with mature 
somatic cells failed (Box 8.5). 


In the mid-1990s, collaborators of Ian Wilmut 
(b.1944, Box 8.6) and Keith Campbell (1954— 
2012) in Roslin, Scotland, took cells from the udder 
of an adult Finn-Dorset sheep called Tracy and cul- 
tured them. Tracy had already died when her cell 
nuclei were injected into the enucleated egg cells of 
sheep of a different race. Egg cell and nucleus were 
stimulated in a nutrient broth, and the development 
of an embryo began. The cloned sheep Dolly was 
born on July 5, 1996. 


Dolly was living proof that it is possible to clone 
adult mammals and that a normal somatic cell can 
“forget” all of its specifications, behaving like a toti- 
potent fertilized egg cell. A short letter to the journal 
Nature overturned one of the most enduring dogmas 
in biology. 


To be fair, Dolly was lucky (see Box 8.6 for the 
story). Out of the 277 cloning attempts, only 29 
reached the stage of transferable embryo. The 
few sheep that became pregnant had early miscar- 
riages—Dolly’s mother being the only exception. 
Anybody speculating about cloning humans should 
bear these figures in mind. Malformed sheep embryos 
are bad enough! 


Later, Dolly herself became a mother—no cloning in- 
volved! On April 13, 1998 a healthy lamb Bonnie 
was born, and five more healthy siblings were to fol- 
low. Dolly was by no means the only cloned sheep. 
There had been predecessors: The Welsh Mountain 
sheep Megan and Morag had been cloned directly 
from embryonic cells, and two male Black Welsh 
sheep Taffy and Tweed were cloned from cultured 
fetal cells around the same time as Dolly. These pre- 
decessors had shown that cultured cells can be suc- 
cessfully used in cloning. What was new in Dolly was 
that the nucleus donor cells had been adult somatic 
cells. After 6 years in the limelight, Dolly died of a 
lung disease. 


Before Dolly, there had only been one systematic 
study on cloned mice, at the National Institute of 
Infectious Diseases in Tokyo. These mice met a pre- 
mature death. 


In February 2003, Australia’s first cloned sheep died of 
unclear symptoms at the age of 2 years and 10 months. 
Lung diseases such as Dolly’s are typical in older sheep. 
Her donor mother was 6 years old when the cells were 
taken out. 


Fig. 8.36 Hans Spemann 
(1869-1941). 
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Fig. 8.37 Developmental stages 
of clawed frogs, from the work 
of embryologist E.J. Bles, 1905. 


Fig. 8.38 Frogs were the first 
animals to be cloned. 


Fig. 8.39 Lucky student: Stanford 
student Stephen Lindholm went 
to Scotland and Ireland to visit 
his high-school friend Dale, who 
had a summer job at the Roslin 
Institute, where Dolly the sheep 
had been cloned in collaboration 
with PPL Therapeutics. One day, 
Dale took Steve to work and he 
got to meet the inhabitants of 
the Large Animal Unit. At that 
time, Dolly was still being kept 
outdoors and was very much 
alive and kicking! 
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Box 8.6 Biotech History: 
Dolly the Sheep 


Few celebrities have so besotted the world’s 
media as she did. Her arrival caused a 
sensation, triggering an orgy of speculation, 
gossip, and hype. She posed for People 
magazine, became a cover girl, and even caught 
eye of Bill Clinton. Plays, cartoons, and operas 
were inspired by her story, advertisers traded 
on her images, and her name seemed to be on 
everyone’s lips. Those closest to her said the 
attention rather went to her head, and she soon 
started putting on airs. 


Dolly the superstar. 


Nor was her career slowed by motherhood; 

even when she had six young ones to care for, 
she continued to be in the news. But, as with so 
many global superstars who live life in the fast 
lane, it was destined to go wrong. She developed 
a cough and began to go into decline. After a few 
weeks, she died tragically young of lung cancer, 
even though she had never smoked. Her passing 
marked the end of a great celebrity life. But this 
was no ordinary diva, for she was a sheep. 


So much for the breathless media account of 

the life and times of Dolly the sheep. Her story 

is now as much a part of the history books as 

of the annals of science. When she was born in 
the Roslin Institute, near Edinburgh, on July 5, 
1996, Dolly marked the beginning of a new era 

of biological control. With a large team, I was the 
first to reverse cellular time, the process by which 
embryo cells differentiate to become 200 or so cell 
types in the body. 


We had defied the biological understanding of 
the day: development runs only in one direction 
in nature: cells in tissues as different as brain, 
muscle, bone, and skin are all derived from one 
small cell, the fertilized egg. Until Dolly was 
born, it was thought that the mechanisms that 
picked the relevant DNA code for a cell to adopt 
the identity of skin, rather than muscle, brain, 
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or whatever, were so complex and so rigidly 
fixed that it would not be possible to undo them. 
This deeply held conviction was overturned by 
Dolly. She was the first mammal to be cloned 
from an adult cell, a feat with numerous practical 
applications, many of which will raise profound 
moral and ethical issues. 


The term “clone,” from the Greek for “twig,” 
denoted a group of identical entities. In the case 
of Dolly, she was (almost) genetically identical to 
a cell taken from a 6-year-old sheep, the nucleus 
of which had been transplanted into an egg cell 
from a second sheep, and then inserted into 

the uterus of a third sheep, and then a fourth, 
to develop. It was because the process started 
with a mammary cell from an old ewe that she 
was called Dolly—our affectionate tribute to the 
buxom American singer Dolly Parton. 


While we now take for granted that it is possible 
to clone adult animals, the birth of Dolly shocked 
those in the general public who dwelled on the 
implications of reproduction without the act 

of sex. The feat shocked many in the research 
community too. Scientists were apt to declare 
that this or that procedure would be "biologically 
impossible," but with Dolly that expression lost all 
meaning. Some pundits have even said that Dolly 
broke the laws of nature. But she revealed, rather 
than defied, those laws. She underscored how, in 
the 21st century and beyond, human ambition 
will be bound only by biology and society's sense 
of right and wrong. 


Megan and Morag, the first sheep to be cloned 
from cultured embryonic cells. 


When we created Dolly, we were not thinking 
about rooms full of clones, or creating hillock 
upon hillock of identical sheep to guarantee a 
good night's sleep. We were not thinking about 
helping lesbians to reproduce without the help 
of a sperm bank or multiplying movie stars. 

We were certainly not thinking of duplicating 
dictators. The tortuous tale of Dolly does not 
fit the storyboard of a traditional Hollywood 
movie: my single-minded struggle, against all 
odds, to fulfill my dream; strange goings-on 

in a subterranean laboratory one dark and 
stormy night; or how a tight-knit group of 
hirsute underdogs toiling in an obscure Scottish 


laboratory snatched the cloning prize from 
arrogant, clean-shaven, lantern-jawed scientists 
working in a well-funded North American 
powerhouse of genetics. 


Dolly hiding from the paparazzi. 


True, my team did sport a fair amount of facial 
and long hair, but it was a special combination of 
factors that led to success, along with a spark of 
serendipity. The right people with the right skills 
and understanding came together at the right 
time in the right place—the Roslin's collection 
of pristine molecular biology laboratories, hay- 
strewn barns, and up-to-date facilities for surgery, 
whether on livestock or on living cells. 


Dolly's story is all the more remarkable for other 
reasons. The classic scientific tale of rival teams 
racing for a prize, as vividly depicted in Jim 
Watson's The Double Helix, did not apply in 
our case. We were mostly spurred on by pure 
curiosity, though we did have in mind practical 
applications in research and agriculture. As 

in any government laboratory, research was 

a grind because money was always in short 
supply. Even more so in those days, when the 
Science establishment was subjected to punishing 
cutbacks: on the day Dolly was unveiled, the 
government withdrew its funding for my project. 
The company that helped us create her, PPL 
Therapeutics, was our ally but not our friend, in 
the sense that we shared information only on a 
need-to-know basis. 


The group was led by me and Keith Campbell 
(1954-2012), a cell biologist 10 years my junior, 
who had built up a profound understanding of 
what makes cells tick. It is still a surprise that 
we were so effective together because neither 
of us is well organized. His adventurous nature 
and knowledge of cells complemented my own 
scientific curiosity, my experience with cloning, 
and my strategic, step-by-step approach to 
achieving the goal of the genetic transformation 
of livestock. I conceived the project, but it was 
thanks to Keith's inspiration that it succeeded. 


Roslin the place, not the institute, held us tight 
during those difficult days. Keith and I would 
continue to drive to the laboratory together and 
have animated chats about the details of cloning. 
We were both excited by the science. We both 
hailed from the Midlands. But we were no 
Watson and Crick engaged in a race with rivals. 


We had different styles and outlooks. We did not 
socialize much. 


Our shared aim was to develop methods for 
nuclear transfer in sheep that could be used to 
introduce precise genetic changes. Superficially, 
it may seem paradoxical that the wherewithal to 
create genetically identical offspring can also be 
used to introduce genetic changes into animals: 
the answer from the one cell where you have 
cloning to make a whole animal from the one 
cell where you have succeeded in carrying out 
successful genetic surgery among the billions 

of cells in which the surgery was botched or 
incomplete or had failed. That would offer huge 
advantages over the old-fashioned brute-force 
method in which we had to insert endless 
embryos into sheep without any clear idea of 
whether the embryos had been successfully 
modified. 


Dolly, now in the National Museums Scotland, 
Edinburgh. 


We had just £20,000, which a Roslin committee 
had offered us to do some more experiments 
because of the good progress we were making 
with cloning. Of course, because of our previous 
experience we would use sheep. That meant 
we had to deal with their notorious obstetric 
problems (shepherds say that sheep spend their 
time dreaming up new ways to die). 


We were slave to their breeding cycles, which 
meant intense work during the winter, when 
sheep mate and conceive. The point was, however, 
Sheep were astonishingly cheap. In those days, 

it was possible to buy one at the market for less 
than a bottle of mineral water in a posh hotel and 
for around one five-hundredth the cost of a cow. 
However, we were confident that because of their 
similar reproduction and embryology, any method 
developed in sheep would also prove suitable for 
cattle. In effect, the sheep were small, cheap cows. 


It all seemed so simple. We would use special 
cells from embryos—stem cells—for cloning. 
These grow in the laboratory, but retain many of 
the characteristics of embryo cells. This was the 
reason why I was optimistic that this approach to 
making genetic changes in animals would work. 
But there was a problem. We could not multiply 


Emsryos, CLONES, AND TRANSGENIC ANIMALS === 


those sheep stem cells in the laboratory (we still 
cannot). However, in our failed attempts we did 
grow more mature cells that had, as scientists 
say, begun to differentiate. 


Dolly with her first lamb, Bonnie. 


Thanks to the insights of Keith Campbell into 
the mechanics of the cell cycle, we went on to 
make a remarkable find: it was possible to put 
these more differentiated cells into a special 
state (a resting state, called quiescence, which 
is unattainable by embryonic cells), and we 
discovered that we could clone them. 


Megan and Morag, Welsh Mountain sheep, were 
born as a result of this crucial insight. They were 
the first clones from differentiated cells. We had 
failed to grow stem cells, but Keith's new method 
of cloning had proved more powerful than we had 
imagined. Keith had always believed that cloning 
with adult cells would become possible, and 

with this new encouragement we set out to test 
the idea. The birth of Dolly confirmed the point 
emphatically. 


As I waited for Dolly to be born during the 
summer of 1996 my mood would swing between 
elation and fear. Keith and I were confident 

of success, but, with such a complex process, 
involving so many steps and people, failure was 
always a strong possibility. And if we succeeded, 
the thrill of it all would be tempered by the 
thought of the fuss that would follow. I am a 
private person, and I knew my life would not be 
quiet anymore. 


And succeed we did, but only just—in one of 
227 attempts. At birth, Dolly weighed 6.6kg, 
heavy for a Finn-Dorset but not surprisingly so. 
Perhaps in another season we would have had 
20 Dollys. But it was much more likely that 

we would have failed. Despite the emphasis 

on objectivity and rationality, even in science it 
helps to be lucky. For Keith, however, Megan 
and Morag were the real stars of the scientific 
story. He considered Dolly merely "the gilt on 
the gingerbread." We had agreed that he would 
hold the coveted position of first author of the 
Megan and Morag paper, but that I would be first 


author of the paper that described Dolly's difficult 
passage into the world. 


We kept Dolly's existence secret for the first 

6 months, as the paper's details of how we had 
created her were scrutinized by other scientists 
before they could be published in an academic 
journal. Once the news of her birth leaked out, 
in February 1997, she made headlines, capturing 
the imagination of commentators, columnists, 
and opinion writers across the planet. 


By the standards of her fellow sheep on the 

farm, many of which were slaughtered as early 

as 9 months, Dolly lived a very long and full life. 
Some scientists feared, though for no clear reason, 
that she was sterile, but she defied her critics and 
went on to breed with a Welsh Mountain ram 
called David and had a daughter in April 1998. 
Her firstborn was named Bonnie because, as her 
vet Tim King commented, "She is a bonnie wee 
lamb." Dolly had two more lambs in 1999. In all, 
she gave birth to six lambs, all conceived naturally 
and all born healthy. She was the living, bleating, 
and woolly proof that new life—in the full sense 
of being able to reproduce—could come from a 
cloned adult cell. 


Given the unusual way she came into being, 
Dolly's every bleat and every baa were by then 
being analyzed for their biological significance 
and the merest hint of decrepitude. She showed 
no real signs of being any different from the 

rest of the flock, however. But there were limits 
to what we could do to check she was really 
“normal.” For example, we could not scan for 
aberrations of ovine mind or mood that could be 
linked with cloning. 


No one knows the mind of a normal sheep, 
after all. 


Cited and shortened with permission from 
Wilmut I and Highfield R (2006) After Dolly: 
the uses and misuses of human cloning. WW 
Norton &Co, New York, London pages 11—18 
and 23-25. 


Superstar Dolly with Sir lan Wilmut. 
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Fig. 8.40 The creation of Dolly. 


Fig. 8.41 Dolly with her 
surrogate mother soon after 
birth. The ewe is a Scottish 
Blackface and obviously cannot 
be the natural mother of Dolly. 


Master, what 
happened to 
my thousand 
twins ? 


Surrogate mother 


Fig. 8.42 A foal cloned in Texas, 
named after the Wim Wenders 
movie Paris, Texas. 


Soon, a debate began about the life expectancies of 
the cloned animals. In January 2002, it was found that 
Dolly suffered from arthritis, which usually affects only 
old sheep. 


Harry Griffin from the Roslin Institute commented 
after Dolly's death: "Sheep can live to 11 or 12 years 
of age, and lung infections are common in older sheep, 
particularly those housed inside. A full postmortem 
is being conducted and we will report any significant 
findings." 


Fig. 8.43 Cloned roe deer. 


Meanwhile it has been found that some cloned ani- 
mals have shorter telomeres than their normal 
counterparts. 


Telomeres are chromosome caps at the end of chromo- 
somes. They carry a characteristic DNA repeat sequence 
that protects the chromosomes (a bit like plastic ends 
on a shoelace). Each time a cell divides, the telomeres 
become shorter and are thus indicators of the age of a 
cell. (At some stage, there is no plastic end left on the 
shoelace.) 


Fig. 8.44 Mitochondrion. 

In normal fertilization, 
mitochondria always come 
from the mother, containing 
mitochondrial DNA. (In nuclear 
transfer, the mitochondria come 
from the enucleated cell.) 


314 


Donor nucleus 


— Ө 


} Mitochondrial 
} DNA remains 


Removal of 
nucleus 


(©) 


Egg cell 


Cloned 
lamb 


Intensive research is ongoing into the activation of telo- 
merase in aging human cells. Telomerase is an enzyme 
that increases the number of possible cell divisions from 
50 to 300. To date, it has only worked in cell cultures. 
Could this be a possible fountain of youth? 


B 8.14 Difficulties in the Cloning Process 


The difficulties that arise during the cloning process can- 
not all be put down to insufficient technique; some are 
also due to biological causes. 


When a cell nucleus comes from a fully developed so- 
matic cell, certain gene regions get blocked. Thus, an 
islet cell that produces insulin will not produce the same 
substances as a nerve cell, whereas a nerve cell does not 
need insulin. 


In Dolly, lan Wilmut removed the gene blockade 
by starving the somatic cells in a broth that was poor 
in nutrients. This probably reversed the DNA pack- 
aging to its original state, and the blocked DNA was 
reprogrammed. 


Most donor cell nuclei have suffered some 
previous damage such as UV irradiation, reac- 
tive oxygen radicals, and toxins that may have 
damaged some regions in the genome. In hu- 
mans, added damage can come from alcohol, 
drugs, X-rays, and barbecued food. Normally, 
such damage does not affect somatic cells, as 
long as they do not rely on the information 
that has been damaged. The damage only 
shows once the cell has been reprogrammed 
and a clone develops. This would explain 
why a clone ages prematurely (Figs. 8.39 and 
8.40). 


Finally, the interaction between denucleated 
cell and injected nucleus may be faulty. The 
egg cell’s cytoplasm produces active sub- 
stances that control the functioning of the 
nucleus. Faults in the reprogramming of the 
nucleus may result in faulty communication. 
During the normal fertilization process, pa- 
ternal chromosomes are demethylated (CH3 
groups are removed) shortly after their entry 
into the egg cell. An egg cell at a later stage 
is unable to do that because it is no longer 
needed. 


The copy hype in the mass media has 
no scientific foundation. Most existing 
clones are by no means exact copies of their 
donors! 


Like all animal clones, Dolly had a nucleus 
from her donor mother, but the cytoplasm 
came from the egg cell donor, thus pass- 
ing on her mitochondrial DNA. In normal 
fertilization, mitochondria (Fig. 8.44) 
are always passed on down the maternal 
line. Mitochondrial DNA is important and 
can also used in DNA fingerprinting (see 
Chapter 10). 


Thus, Dolly is the product of the nuclear 
DNA of the donor plus mitochondrial 
DNA from the egg cell, with the added 
impact of the hormones of the surrogate 
mother. Ian Wilmut (Fig. 8.45) says in his 
book The Second Creation: The Age of 
Biological Control by the Scientists Who 
Cloned Dolly. “So Dolly and the ewe who 
provided the original nucleus have identical 
DNA but they do not have identical cyto- 
plasm. In fact Dolly is not a ‘true’ clone of 
the original ewe. She is simply a ‘DNA clone’ 
or a ‘genomic clone.’” 


Wilmut chooses his wording carefully when 
he continues: “So, in fact, although the cells 
in Dolly’s body are descended from a cell 
which mainly contained Scottish Blackface 
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cytoplasm, that cell also contained some Finn- 
Dorset cytoplasm surrounding the donor nu- 
cleus. To be sure, the oocyte that came from 
the Scottish Blackface is far, far bigger than 
the cultured body cell that supplied the Finn- 
Dorset nucleus, so we might suppose that the 
meagre Finn-Dorset contribution would sim- 
ply be swamped. In fact, this does seem to be 
the case ..." 


How much of the phenotype can be attributed 
to the cytoplasm and how much to the surro- 
gate mother became apparent when cats were 
cloned. 


ш 8.15 Cloning Cats — Parental 
Variations 


The cloning process of a cat is given as an 
example to clarify the parts that the various 
parents play (Box 8.7): 


1. One parent. A female cat can be an egg 
cell donor. The nucleus is removed and the 
nucleus of one of her body cells is injected. 
The resulting embryo is implanted into the 
womb of the same cat, who is the egg cell 
donor, somatic cell donor, and surrogate 
mother rolled into one. 


2. Two parents. The nucleus of the somatic 
cell can come from another cat (male or fe- 
male), and the egg cell is reimplanted into 
the egg cell donor cat. 


3. Three parents. Egg cell and somatic cells 
come from two different cats, and a third 
cat is used as surrogate mother. 


The next steps are the same as in the creation 
of Dolly. They are as follows: 


e A somatic cell is taken from a cat and 
starved in low-nutrient broth. The nucleus 
is chemically or mechanically removed. 


e The donor cat undergoes hormone treat- 
ment to produce several egg cells simul- 
taneously (superovulation). The egg cells 
are obtained through vacuum aspiration 
(as during artificial fertilization) and enu- 
cleated. What is left is the cytoplasm con- 
taining mitochondrial DNA (which has an 
important role to play, see above). 


e The donor nucleus is introduced into the 
enucleated egg cell. This can be done 


Fig. 8.45 Sir lan Wilmut came 
to Hong Kong in February 2012 
to report on his latest work 
with induced stem cells. 


Fig. 8.46 Cats have 19 chromosome pairs. Only the 
female X-chromosome contains color information. Male 
cats (XY) can thus pass on their color only to female 
offspring (XX), as semen carrying the Y-chromosome 
does not contain color information. Therefore, male cats 
always inherit their color from their mother. 


Tortoiseshell and calico describe colorings caused by 
a combination of specific genetic traits. In female cats, 
itis a result of X-chromosome inactivation, in which 
different patches of fur receive coding for different hair 
color due to the activation of an X chromosome from 
either the mother or the father. 


Calico coloring of my female cat Fortuna is a mix of 
pheomelanin-based colors (red) and eumelanin-based 
colors (black, chocolate, and cinnamon). Calico cats 
are believed to bring good luck! 


The bottom photo shows two interesting 
phenomena — my female calico cat Fortuna, having 
caught the tail of a lizard. Shedding the tail — which 
will regenerate — saved the lizard’ s life. 
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Box 8.7 The Expert’s View: 
“Social Genes" — RNA Interference 
and the Life of Honeybees 


Bees and ants have always fascinated me. These 
insects live in groups often specialized in different 
tasks, creating a division of labor. 


One extreme example can be seen in honeybees, 
in which most tasks are performed by thousands 
of female worker bees that are essentially sterile 
helpers. Workers start out as nurse bees that 
care for larvae in the nest. Later they embark 

on foraging trips, specializing in either pollen or 
nectar collection, and continue to forage until 
they die. The age at which workers switch to 
foraging and collecting pollen or nectar seems to 
be determined by their rudimentary reproductive 
physiology and the protein vitellogenin in 
particular. 


Vitellogenin is normally involved in the 
production of egg yolk, but it may affect 
behavior and lifespan in workers. We tested this 
hypothesis by knocking down the vitellogenin 
gene in worker bees. When investigating the 
genome of the honeybee, we expected to find 
many new genes responsible for social behavior. 
However, we didn’t find much diversification of 
such social genes. In fact, the honeybee genome 
was smaller than that of a fly, which has a 
solitary lifestyle. 


The genetic and hormonal mechanisms that 
mediate the control of social organization are not 
yet understood and remain a central question in 
social insect biology. 


To test our hypotheses, we injected vitellogenin 
double-stranded RNA (dsRNA) into a subgroup 
of bees and compared the bees’ behavior and 
lifespans to those of two other groups that had 
received either dsRNA derived from a different 
gene (green fluorescent protein) or no injection 
(reference group). 


First of all, we found that knockdowns 
expectedly showed reduced hemolymph levels of 
vitellogenin. However, they 

also showed high levels of juvenile 

hormone. 


This combination is typical of bees in the 
foraging stage, in contrast to bees in the 
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earlier nursing stage, which have high levels 

of vitellogenin and low levels of juvenile 
hormone. Therefore, we expected that in field 
experiments, the knockdown bees would 
become foragers earlier in life than controls, and 
the shift from nest care to foraging would occur 


Because selectively bred bee strains specialized 
in nectar collection have lower vitellogenin 
hemolymph levels than those bred to specialize 
in pollen collection, we predicted that 
vitellogenin knockdowns would more likely 
become nectar collectors. We also predicted 
that knockdowns would live shorter lives 

than controls, as it is known that honeybee 
vitellogenin enhances longevity. This is due to 
its ability to scavenge free radicals, acting as an 
antioxidant shield. 


The vitellogenin gene, which is involved in egg 
production in all egg-laying animals, coordinates 
three core aspects of the social life of bees. It 
paces the onset of foraging behavior, primes 
bees for specialized foraging tasks, and enhances 
longevity. 


Workers with suppressed vitellogenin levels 
foraged earlier, preferred nectar, and lived shorter 
lives. Thus, vitellogenin has multiple effects on 
the social organization of honeybees. By using 
gene knockdown to understand insect social 
behavior, our study supports the view that social 
life in bees evolved by coopting genes involved in 
reproduction. 


The results also confirmed predictions drawn 
from the sequence of the honeybee genome, 
which was published in 2006. The sequence 
suggested that new, distinctive social behaviors 
likely developed from old genes and mechanisms. 


It’s the first mechanistic study to look at the 
genetic and hormonal regulation of complex 
social behaviors by a single gene using honeybees 
as a model organism. 


It seems that vitellogenin, which is typically 
used as a yolk precursor protein in reproduction 
by insects, including the nonsocial Drosophila, 
has been coopted in social honeybees for the 
regulation of social behaviors. It makes sense 

to assume that evolution has used a previously 
existing mechanism for a new function, which is 
very economical. 


We also had an important technical 
breakthrough, because RNA interference (RNAi) 
is used to manipulate the behavior of bees out 
in the field, as opposed to in the laboratory. This 
technique promises to be extremely helpful 

in identifying many other genes involved in 
regulating division of labor. 


And what is the conclusion for us humans? 
Nature rewards intelligent laziness. 


Gro V. Amdam is a professor at the School of Life 
Sciences at Arizona State University, Tempe, and the 
Department of Animal and Aquacultural Sciences, 
Norwegian University of Life Sciences, Aas. 
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using micropipettes or through subtle electric im- 
pulses. The egg cell now contains a diploid set of 
chromosomes, as it would if sperm and egg had met. 
Electric impulses are used to stimulate cell division. 
Once the embryo has reached the eight-cell stage, it 
is examined for genetic damage. 


e The growing embryo is implanted into the surro- 


gate mother, who gestates the embryo. 


If the cat to be cloned is female, the nucleus donor cat 
could also be used as the surrogate mother instead of an- 
other cat. In a sense, the cat is producing its own clone. 
The similarity between mother and kitten would be great- 
est. It would be a genuine clone. If a male cat is to be 
cloned, the help of females is indispensable, whereas a 
female cat could simultaneously be twin sister, egg cell 
mother, and surrogate mother of a clone (Fig. 8.46). 


The white-and-tortoiseshell cat CC or carbon copy 
was born in 2001, just 2 days before Christmas eve. 
Texan researchers working with Mark Westhusin 
(Fig. 8.47) declared that the first cat in history had been 
oned (Fig. 8.48). 


e 


Why then is CC's coat pattern not identical with that 
of the donor of the somatic cell and egg cell donor? 
Basically, the coloring is similar to that of Rainbow, her 
genetic mother. Obviously, the coloring will not resem- 
ble that of the surrogate mother because she is a differ- 
ent cat altogether (Fig. 8.48). 


We cannot expect the color pattern of the clone to be 
identical with that of the donor cat, as the color pat- 
tern is a result of genetic as well as environmental 
inputs. 


For example, the position of the embryo in the uterus 
of the surrogate mother decides which hair follicles are 
reached by the pigment-producing cells. Other environ- 
mental factors can cause minor differences between 
clone and donor. The food intake of the surrogate mother 
has a bearing on the size of the newborn (Fig. 8.50). 


It should be kept in mind that a clone may be genetically 
identical with the donor, but it is not the same animal! 
There are differences in appearance, but they are not 
dramatic. 


The cells used for cloning CC are known as cumulus 
cells. Cumulus cells surround the egg cell while it is 
maturing in the ovary. They feed the egg cell before 
and after ovulation. The Texan researchers believe that 
cumulus cells work better than fibroblasts. First, 82 
cloned embryos from skin fibroblast cell nuclei were cre- 
ated and implanted into seven surrogate mothers—no 
success! Then Rainbow's cumulus cells were used and 
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cloned embryos produced. These were implanted into 
the surrogate mother, and 66 days later, CC was born 
(Figs. 8.47 and 8.48). 


Can cats be cloned only from cumulus cells? No, CC 
just happens to be the first cloned cat. The six other 
cloned animals (sheep, goats, cows, pigs, mice, and a 
gaur) were produced from frozen and rethawed skin fi- 
broblast cells. 


ш 8.16 What About Humans? Cloning, 
IVF, and PGD 


Cats, mice, cats, sheep, horses, and goats have all been 
cloned, but in spite of headline-grabbing statements 
from esoteric sects, the cloning of humans through 
transferring the nucleus of a mature somatic cell into 
an enucleated egg has not yet overcome technical flaws. 
Take just the high rate of malformation! Science would 
be thoroughly discredited if malformed babies resulted 
from cloning (Box 8.8). 


What is more, embryo protection legislation made the 
cloning of humans illegal. 


The Charter of Fundamental Rights of the European 
Union explicitly prohibits reproductive human cloning, 
though the Charter currently carries no legal standing. 
The proposed European Constitution would, if ratified, 
make the charter legally binding for the institutions of 
the European Union. 


The British government introduced legislation in or- 
der to allow licensed therapeutic but not reproductive 
cloning in a debate in January 2001. Currently, thera- 
peutic cloning is allowed under license of the Human 
Fertilization and Embryology Authority. The first known 
license was granted in August 2004 to researchers at 
the University of Newcastle to allow them to investi- 
gate treatments for diabetes, Parkinson's disease, and 
Alzheimer's disease. 


In 1998, 2001, 2003, and 2007, the US House of 
Representatives voted on whether to ban all human 
cloning, both reproductive and therapeutic. Each time, 
divisions in the Senate over therapeutic cloning pre- 
vented a competing proposal (a ban on both forms or on 
reproductive cloning alone) from passing. 


Some American states ban both forms of cloning, while 
others outlaw only reproductive cloning. 


In his book Es wird ein Mensch gemacht (A human 
is being made), Jens Reich (b. 1939), a former hu- 
man rights activist in East Germany and an expert in 
bioinformatics, medicine, and bioethics says: “I have 
no intention to start a moral debate about the cloning 


Fig. 8.47 Mark Westhusin with 
CC (carbon copy). 


Fig. 8.48 CC’ s genetic mother 
Rainbow (top), her surrogate 
mother (center), and carbon 
copy (bottom). 


Fig. 8.49 Just like humans, 
cats, and monkeys 

can be affected by an 
immunodeficiency virus. They 
may assist us in our search for 
suitable defense strategies. 


Fig. 8.50 The author after 
computer cloning experiments 
of his tomcat Fortune (with 
Fortune Zero, Fortune I, Fortune 
11, and Fortune III). 
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Fig. 8.51 Green fluorescent protein 
(GFP) is used in the study of the feline 
immunodeficiency virus (FIV). 


“Сар s eyes" was what we used to call those 
yellow reflectors on bicycles that reflected any 
incoming light at night. These days, | am out 
with my torch in my Hong Kong garden to look 
for my tomcat Hou Choi, who did not turn up for 
lunch or dinner. Hopefully, his eyes will reflect 
the light of the torch. 


If only the whole cat could light up! Some clever 
colleagues at the Audubon Center for Research 
of Endangered Species in New Orleans, who 
normally study endangered species, had a 
similar idea when they created Mr. Green Genes, 
an orange cat that looks just like any other cat 
by daylight. Switch off the light and shine UV 
rays on him, and his eyes, nose, gums, and 
tongue will glow intensely green. Is this just a 
Halloween joke? Not at all! 


Scientists Osamu Shimomura, Martin Chalfie, 
and Roger Y. Tsien, who discovered GFP in 
jellyfish and made it available for medical 
research and genetic engineering, received the 
Nobel Prize in 2008. 


Fig. 8.52 From ultrasound image to a healthy, happy 
boy. Baby Theo Alex Kwong, however, did not need 
PGD or IVF. Theo is the child of my first student in Hong 
Kong. See Box 9.7 as well. 
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Box 8.8 In Vitro Fertilization in 
Humans 


In a first step, egg cells are taken from the 
tubes through aspiration. Although this is a 
highly advanced technique, it is still associated 
ith problems. The woman must undergo 
mone treatment to make several egg cells 
he ovary mature simultaneously. This can 

d to hormonal imbalances. Ultrasound is 
used to establish beforehand whether enough 
follicles have matured. The whole procedure 

of taking out the egg cells using a syringe is 
visualized through ultrasound. This is normally 
done through the vagina. Usually, a local 
anesthetic is given. There is a potential risk of 
infection and bleeding. While 8—10 egg cells 
are thus obtained, male sperm (resulting from 
masturbation) is collected. 


In the laboratory, an egg cell is fertilized with 
the sperm. Both cells are united in broth in an 
incubator—outside the female body. Between 
the third and fifth day, in the multiple-cell stage, 
the embryo is transferred into the womb. 


If successful, a normal pregnancy begins. 
However, success cannot be taken for granted. 
Only 10-15% are successful. If several egg cells 
are fertilized and implanted in the same cycle, 
a multiple pregnancy can be the result. For this 
reason, it is illegal in Germany to implant more 
than three fertilized egg cells at once, whereas 
in the United States, six are allowed. 


of animals, although I can see its problems. 
However, in humans, I find it an obscene sug- 
gestion, for two fundamental reasons—one 
is that the making of humans is turned into a 
technical process, the other the idea of creat- 
ing a human in one's own image." 


Preimplantation genetic diagnosis (PGD) 
is currently as hot a topic as genetically mod- 
ified food (see Chapter 7) and stem cell re- 
search (see Chapter 9). 


In order to test the genome of an embryo, 
at least one cell must be taken from the cell 
agglomeration and destroyed. One usually 
waits until the third day after fertilization 
when the eight-cell stage has been reached. 
One cell is removed (plus another one to 
back up the diagnosis). At this stage, the 
cell contains all the information and is toti- 
potent. No harm is done to the embryo, 
as it has not yet entered the compact stage 
(Box 8.9). 
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What can be recognized within the cell? 


The gender of the embryo (XX female, XY 
male) and an abnormal chromosome count (the 
normal number is 23 pairs) are easy to identify. 
Specific chromosome sections can be visualized 
through microscopy to identify faulty regions 
(see Chapter 10). It is even possible to identify 
pathogenic gene mutations. In theory, it would 
be possible to read the entire DNA, but the cost 
would be astronomical. Future technological 
developments could change the situation. 


Those who take a skeptical view of PGD 
may be justified in arguing that the technique 
could be used not only to identify severely 
damaged embryos, i.e., for negative selection, 
but also for positive selection such as gender 
and certain traits. 


It is therefore not surprising that it was felt in 
many countries that the use of PGD must be 
regulated by law. Germany restricted its use 
to cases where there is a strong likelihood that 


Box 8.9 Biotech History: 
Embryos, Haeckel, and Darwin 


lamprey 
Petromyzon 
marinus 


dogfish 
Squalus 
acanthias 


gar 
Lepisosteus 
osseus 


salmon 


Salmo salar 


lungfish 
Neoceratodus 
forsteri 


axolotl 
Ambystoma 
mexicanum 


hellbender 
Cryptobranchus 
allegheniensis 


snake 


Natrix natrix 


chicken 
Gallus gallus 


possum 


Trichosurus 
vulpecula 


cat 
Felis catus 


bat 


Rhynchonycteris 
naso 


human 
Homo sapiens 


Vertebrate embryos (not to scale) at three 
arbitrary stages of development: early 
(approximately the tailbud stage), intermediate 
(late embryo/early larva), and late (when the 
definitive adult form is visible). No evolutionary 
sequence is implied in the way the specimens are 
arranged. Reprinted with permission of Michael 
K. Richardson. 


Haeckel' s embryo drawings. 
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It has been claimed that some of Ernst 
Haeckel’s famous embryo drawings of 1874 
were fabricated. There were multiple versions of 
the embryo drawings, and Haeckel rejected the 
claims of fraud made against him but did admit 
one error, which he corrected. 


Some creationists have claimed that Charles Darwin 
relied on Haeckel’s embryo drawings as proof of 
evolution, implying that Darwin’s theory is therefore 
illegitimate and possibly fraudulent. This claim 
ignores the fact that Darwin published the Origin of 
Species in 1859, and The Descent of Manin 1871, 
whereas Haeckel’s famous embryo drawings did not 
appear until 1874. 


Michael K. Richardson (University Leiden, The 
Netherlands) comments: 


Our work has been used to attack evolutionary 
theory, and to suggest that evolution cannot 
explain embryology. We strongly disagree with 
this viewpoint. Data from embryology are fully 
consistent with Darwinian evolution. Haeckel’s 
famous drawings are a Creationist cause célèbre. 


Early versions show young embryos looking 
virtually identical in different vertebrate 
species. On a fundamental level, Haeckel was 
correct: All vertebrates develop a similar 
body plan (consisting of notochord, body 
segments, pharyngeal pouches, and so forth). 
This shared developmental program reflects 
shared evolutionary history. It also fits in with 
overwhelming recent evidence that development 
in different animals is controlled by common 
genetic mechanisms. 


Unfortunately, Haeckel was overzealous. 

When we compared his drawings with real 
embryos, we found that he showed many 
details incorrectly. He did not show significant 
differences between species, even though his 
theories allowed for embryonic variation. For 
example, we found variations in embryonic size, 
external form, and segment number, which he 
did not show. This does not negate Darwinian 
evolution. On the contrary, the mixture of 
similarities and differences among vertebrate 
embryos reflects evolutionary change in 
developmental mechanisms inherited from a 
common ancestor. 


Darwin 

commemorated 
xe on an English 

10-pound note. 


We show here a more accurate representation 
of vertebrate embryos at three arbitrary stages, 
including the approximate stage, which Haeckel 
showed to be identical. We suggest that 
Haeckel was right to show increasing difference 
between species as they develop. He was also 
right to show strong similarities between his 
earliest embryos of humans and other eutherian 
mammals (e.g., the cat and the bat). However, 
he was wrong to imply that there is virtually 

no evolutionary change in early embryos in the 
vertebrates. 


These conclusions are supported in part by 
comparisons of developmental timing in different 
vertebrates. This work indicates a strong correlation 
between embryonic developmental sequences in 
humans and other eutherian mammals, but weak 
correlation between humans and some "lower" 
vertebrates. 


Haeckel's inaccuracies damage his credibility, 

but they do not invalidate the mass of published 
evidence for Darwinian evolution. Ironically, had 
Haeckel drawn the embryos accurately, his first 
two valid points in favor of evolution would have 
been better demonstrated. 


Charles Darwin' s 1837 sketch, his first diagram 
of an evolutionary tree from his First Notebook 
on Transmutation of Species. 
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Box 8.10 No-Slaughterhouse 
Meat 


What I (RR) missed most as a German in Hong 
Kong was something trivial—German sausages. 
Meanwhile, my Chinese students who traveled 
to Germany became great fans of them. 


“But they cost animals’ lives.” Not 
necessarily. My Dutch colleagues produce meat 
in vitro. 


Professor Mark Post at the University 
of Maastricht experiments with porcine 
cells. 


He can grow muscle cells from porcine stem 
cells that are fed on fetal horse serum. The tissue 
strips are 2.5cm long and 7mm wide. Mark Post 
gives them daily “training” so that they can grow 
like real muscle. In spite of that, they still look 
rather pale and not very appetizing, as there is no 
blood running through them. They also contain 
very little myoglobin. Myoglobin is the iron- 
containing enzyme in muscles. The iron conveys 
the red color. 


An unknown rich donor made funding 
available for bovine cells. Post commented 
optimistically: “In a year’s time, we will 
have the first in-vitro hamburger.” And so it 
happened in 2013. 


Stellan Welin, bioethicist at the university of 
Linkoping, Sweden, says “Our choice of meat 
was so far determined by which animals were 
the easiest to domesticate but not by which were 
the tastiest.” 


This will change with the advent of synthetic 
meat. I would not be surprised if China imposed 
punitive sanctions on the consumption of 
genuine panda sausages. There are various gene 
echnological projects involving the revival of 
Siberian mammoths, dinosaurs, and the 

moa, New Zealand's extinct 

giant bird. 


320 


Intensive livestock farming is ethically highly 
problematic. 


Products that look like meat and taste like meat 
but aren' t actually meat. 


Perhaps there is no need to recreate the whole 
animals, only their muscle tissue. Think of all the 
possible patents, on Tyrannosaurus rex T-bone 
steak, moa in aspic jelly and mammoth fillets. 
yum! 


Richard David Precht (b. 1964) is a German 
philosopher and author. He holds an honorary 
professorship at the Leuphana University 

in Lüneburg and a chair for philosophy and 
esthetics at the Hochschule für Musik Hanns 
Eisler in Berlin. 


In his shocking but eminently readable book 
Tiere denken. Vom Recht der Tiere und den 
Grenzen des Menschen (Animals Think. On the 
Rights of Animals and Limits to Human Power), 
he reports on new biotechnology techniques that 
could end cruelty to animals. Here is an excerpt 
(abridged by the 

author RR). 


In Germany alone 


e 45 million poultry are kept under permanent 
lighting for meat production. 


e Тһе life of an “end product chick" lasts no 
longer than 40 days. 


e 25 million pigs suffer, squealing in pain. 


I won't go on talking about cattle and the 
madness of shipping 600,000 calves in lorries to 
export them to other countries and then import 
another 150,000, I won't talk about gestation 
crates and darkness, malnutrition, and unhealthy 
breeding. 


Why should I? Why should I tell the average 
citizen what they already know but don't want 
to know? 


If nothing else helps I can use economic 
arguments, the only arguments that count. In 
Germany, livestock farming and meat processing 
provide more than 100,000 jobs, most of which 
only exist because Germany's meat production 
has been competitive on the global market and 
Germany is a major exporter. 


This means, above all, one thing: Production 
must be as cheap as possible and industrial-scale 
farming must be established—with 300,000 
chickens per unit, and large hangars must be 
built to house pigs and cattle. Breeding and 
rearing a pig will earn a German farmer no 
more than 6 euros—no wonder that only mass 
production is financially viable, while animal 
welfare becomes an exclusion criterion on the 
world market. 


All this may be true, but it is also true that the 
industry undermines its own foundation in 
his race to the bottom. If intensive livestock 
arming is the only way forward, then “normal” 
arms become obsolete and only factory farming 
prevails. 


Intensive livestock farming, as practiced and 
unded in Germany, is not only ethically highly 
problematic, but also an economic disaster, 
destroying jobs year on year and contaminating 
soil and water bodies to such an extent that all 
he profits of the industry would not be enough 
о pay for the ecologic damage it bequeaths to 
uture generations. 


There is, however, some good news, 
оо. Everything we deplore now will disappear! 


t may not happen within 10, but certainly in 
20, years when there will no longer be intensive 
ivestock farming in Germany however much 
money the industry will throw at their factory 
arms. Their end is inevitable. 


Cultured Meat 


The idea behind Post's in vitro meat is not new. 
As early as 1932, Winston Churchill (1874— 
1965) foresaw the arrival of cultured meat. 


We shall escape the absurdity of 
growing a whole chicken in order to eat 
the breast or wing, by growing these 
parts separately under a suitable 
medium. 


At least with the arrival of adult stem cell 
research, growing cultured meat was back on the 
agenda. 


Many universities are now researching methods 
of producing meat from muscle cells. Post needed 
5 years and 2 million euros from the Netherlands 
government. 


Bill Gates at the Genome Institute in Hong Kong 


Peter Thiel 


Емввүоѕ, CLONES, AND TRANSGENIC ANIMALS 


Later, Google cofounder Sergey Mikhaylovich 
Brin (b. 1973) also came on board. 


His US IT colleague Bill Gates (b. 1955) has 
been investing in a project “beyond meat,” which 
promotes products that look like meat and taste 
ike meat but are not meat. 


German investor Peter Thiel (b. 1967), one of 
he main investors in Facebook, also invests large 
sums in cultured meat and tasty eggs that are 
not eggs. 


With professional investors such as Brin, 
Gates, and Thiel on board, who can doubt 
that animal suffering and slaughterhouses 
will become a thing of the past. 


Quotes translated from R. D. Precht Tiere 
denken. Vom Recht der Tiere und den Grenzen 
des Menschen (Animals think. On the rights of 
animals and limits to human power), Goldmann 
Munich 2016, with kind permission from 
Random House FSC; Noo 1967. 
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Fig. 8.53 Nuclear transfer in cattle. 


Fig. 8.54 Jens Reich (b.1939), 
medical doctor, bioinformatician, 
expert in bioethics, and 

former member of the German 
Government Ethics Commission. 


Fig. 8.55 A small difference, 
magnified 10,000 times. On the 
left the female X-chromosome; 
on the right, the significantly 
smaller Y-chromosome. 
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parents will pass on a genetic disease, or when there is 
a high genetic chance of a stillbirth or miscarriage. In 
the United Kingdom, the Human Fertilization and 
Embryology Act of 2008 states that PGD is not accept- 
able for “social or psychological characteristics, normal 
physical variation or any other conditions which are not 
associated with disability or a serious medical condi- 
tion.” There is no national legislation on PGD in 
the United States, as medical matters are left to the 
individual states. To date, no state has implemented laws 
directly pertaining to PGD, thereby leaving researchers 
and clinicians to abide by guidelines set by the profes- 
sional associations. 


B 8.17 The Embryo Yielding Its Secret 


In our coauthored book Liebling, Du hast die Katze gek- 


lont (Honey, you have cloned the cat), bioethicist Jens 
Reich (Fig. 8.54) wrote: 


"The 0.1% of our genome that differs from that of other 
people makes it our very own unique genome. However, 
to think that this 0.176 would tell you how tall or intel- 
ligent a person will become, what eye color they will 
have, what food they will prefer, and how musical or 
sporty they will be, remains wishful thinking (Figs. 8.55 
and 8.56). 


Although many human qualities have been genetically 
hardwired, the fulfillment of their potential largely de- 
pends on other life circumstances. Size and health depend 
on nutrition, and intelligence can be significantly boosted 
during the first 3 years of a child's life. A talent such as 
playing the piano may remain undiscovered, however, if 
the person in question does not get the chance to open a 
piano or lacks the perseverance to practice. 


Fig. 8.56 Goethe’ s vision of the Homunculus. 


Similarly, most forms of diabetes only develop in an en- 
vironment of convenience food and stress. 


On the other hand, it is also true that all these traits 
cannot be put down to just one single gene, but sev- 
eral—sometimes even several thousand. Which genes 
are responsible for what can usually be found out only 
in animal experiments. 


Since mice are unable to play the piano and their idea 
of beauty differs from ours, this is a route that we can- 
not go down to find out which gene combinations are 
responsible for musicality or beauty. 


So far, little is known about the functions of single genes, 
and the individual portion of the genome does not give 
away much about the individual. 


Does this mean that there is no need to be worried 
about the privacy rights of the individual citizen? 


The use of data that have been gathered with mutual 
consent for medical or research purposes in any other 
context must be strictly prohibited. There must be a 
clear understanding that contract partners (employers, 
insurance companies) have no right to the revelation of 
such data, and the individual cannot use them for their 
own purposes. 


These data must be treated as nonexistent for all other pur- 
poses except for the one they were collected for in the first 
place. A DNA profile does not give a personality profile. 


Each individual has 1,000 billion nerve cells, each of 
which has about 1,000 links to other nerve cells. It is im- 
possible that this highly individual and specific network 
could be coded in just 3 billion DNA letters. 


Genetic data on their own would not be too compro- 
mising, but the danger lies in their combination with 
other data—with health records, with records of web- 
sites visited, with shopping behavior, with a history of 
telephone contacts or bank account activity, or even 
credit card records to track down the movements of 
a person." 
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Useful Weblinks 


e Weird Pregnancy Tests: https://www.youtube.com/watch?v-9-b-wMouuGI 

e Wikipedia, for a start, e.g., cloning: http://en.wikipedia.org/wiki/ Cloning 

e “Cloning” Freeview video by the Vega Science Trust and the BBC/OU with good discussion: http:// 
www.vega.org.uk/video/programme/15 

e Click and Clone. Try it yourself in the virtual mouse cloning laboratory, from the University of Utah’s 
Genetic Science Learning Center: http://learn.genetics.utah.edu/content/cloning/clickandclone/ 


e Everything you wanted to know about GM organisms, provided by New Scientist: http://www.newsci- 
entist.com/channel/life/gm-food 


e Human cloning: https://www.youtube.com/watch?v=VYexAg2J6Kc 
e Top 10 animals modified by science https://www.youtube.com/watch?v=QYH2uQ0xt5Q 


50th Anniversary 
The Discovery of DNA 


8 Self-Test Questions 


1. 


How many natural breeding bulls could 
in theory be replaced by one artificial 
insemination bull? 


. Apart from chromosomal donor DNA, 


Which kind of DNA could have an impact 
on a cloned animal? 


How did Professors Wolf and Pfeifer in 
Munich make piglets glow green? 


. In cat cloning, is the coloring of the 


cloned kittens the same as that of the 
donor cat? 


How can a jellyfish gene be useful in 
transgenic experiments? 


What are the specific opportunities that 
open up for the pharmaceutical industry 
in transgenic cattle, goats, and chickens? 
What advantage would they have over 
traditional production methods? 


How is it possible to show which cells are 
omnipotent in frogs? 


How could threatened animal species be 
saved from extinction through embryo 
transfer? 


Knockout mouse. 


Space for notes 
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YOUTH IS NOT A STAGE IN ONE'S LIFE, 

BUTA STATE OF MIND, 

THE ÉLAN OF WILL POWER, 

AGILITY OF IMAGINATION, 

THE POWER OF EMOTIONS, 

THE VICTORY OF COURAGE OVER COWARDICE, 

THE SENSE OF ADVENTURE THAT TRIUMPHS OVER INERTIA. 


Albert Schweitzer, physician in Africa, organist, 
Bach historian, and philosopher (1875-1965). He was 
awarded Nobel Prize in 1952. 
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Chapter 9 


Deaths from Heart Attack 
France 


Italy 


Germany 


Great Britain 
Poland 
Romania 


Latvia 
SSS а 


Fig. 9.1 Within Europe, Western 
Europe has the lowest death 
rate from heart attacks per 
100,000 inhabitants. 


Fig. 9.2 If someone has had 
a heart attack, rapid aid is 
crucial, involving police and 
ambulance in a coordinated 
rescue operation. Once 

a coronary infarction has 
definitely been diagnosed, 
there are two possibilities: 
enzymatic lysis (see main 
text) and, increasingly, 
percutaneous transluminal 
coronary angioplasty (PTCA), 
a procedure to dilate the 
restricted coronary vessels, 
the coronary arteries, with a 
balloon catheter. 


Factor VII @, 


Fig. 9.3 The tissue factor 
(above) binds to factor VII and 
activates it a 1000-fold; the 
activated factor МПа activates 
factor X, and as factor Xa, this 
then activates thrombin. 


Fig. 9.4 Clotting cascade 
(figure to the right). 
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B 9.1 Myocardial Infarction and 
Anticoagulants 


Myocardial infarction (Fig. 9.1) and stroke are among 
the most frequent causes of death in developed coun- 
tries (more detail in Chapter 10) (Figs. 9.2 and 9.3). 
Every year, about 805,000 people have a heart attack 
in the US. 


The enzyme thrombin is the key to blood clotting 
(Fig. 9.4), a process which starts with molecules that 
indicate that something is “going wrong.” In vascu- 
lar injuries with damage to the endothelium (the thin 
single-layer coating of smooth cells on the inside of 
blood vessels), the underlying tissue factor is released 
by the endothelial cells. This starts a cascade of en- 
zyme activation, beginning with a few tissue factor 
molecules and building up like a pyramid (Fig. 9.4). 


The tissue factor first activates a few molecules of in- 
active factor VII to become active factor МПа, and 
these proteolytically activate a large number of factor 
X molecules into Xa in tissue factor complexes. The 
tissue factor itself is not a protease but a transmem- 
brane glycoprotein; it forms a complex with circulat- 
ing factor МПа, which finally enzymatically activates 
factor X. 


Contact activation pathway 
Injured blood vessel 


Antithrombin 111 

(inhibitor) 
Kininogen 
Kallikrein 


Tissue factor pathway 
Trauma 


Ө Antithrombin III 


(inhibitor) 


4 4 
Fibrinogen Fibrin 
(I) С) 


Fibrin network 


In its turn, factor Xa activates the preliminary stage 
thrombin, prothrombin (factor II), to become throm- 
bin (factor IIa). The protease thrombin now splits off 
a part of the fibrinogen: this creates fibrin and forms 
a fibrin network which encloses blood cells within 
it. This is how a dark red scab is formed on a wound 
(Fig. 9.9). 


Anticoagulants prevent blood clotting and the forma- 
tion of a blood clot (thrombus). 


Heparin (Fig. 9.7) and coumarin derivatives are known 
for their ability to inhibit blood clotting. Coumarin 
comes from woodruff (Asperula odorata) and is re- 
sponsible for woodruffs typical smell. It is also used 
in the form of warfarin as a rat poison, which causes 
rats to bleed internally. Coumarin works as a vitamin K 
antagonist. 


Acetylsalicylic acid (ASA; Aspirin) is an ancient 
and unsurpassed drug used to prevent blood clotting. 
It is a derivative of salicylic acid, originally isolated 
from willow bark (Lat. salix, willow) (Figs. 7.31 and 
9.18). 


Aspirin thins the blood and is recommended for pa- 
tients at risk of coronary infarction. At the onset 
of a coronary infarction, it is recommended that the 
emergency doctor be called immediately. The physician 
may give the patient Aspirin tablets that can be quickly 
chewed and swallowed. 


New rapid immunological tests help to make a defi- 
nite diagnosis quickly (see Chapter 10 and the end of 
this chapter). 


Hirudin or hirundin is also interesting. It comes from 
the medicinal leech (Hirundo medicinalis) and is 
the only anticoagulant that is genetically engineered 
at present (trade name Lepirudin), making the leech 
one of the few animals that we use in medicine today 
(Fig. 9.5). 


B 9.2 Fibrinolysis Following Coronary 
Infarction: Using Enzymes to Dissolve 
Thrombi 


Thrombolytics (or fibrinolytics) dissolve thrombi 
that have already formed. They are proteases (protein 
splitting enzymes, see Chapter 2). In fibrinolysis, fibrin 
clots are dissolved after vascular occlusion by a group of 
proteins. The main component of clots in thrombosis or 
embolism is the protein fibrin. Plasminogen activators 
first change plasminogen into the active fibrin-splitting 


enzyme plasmin. Plasmin is a serine protease (see 
Chapter 2). An endogenous plasminogen activator is 
known as tPA (tissue plasminogen activator). 


If, for example, a coronary vessel is blocked, that area 
of the heart muscle is cut off from its oxygen supply, 
eading to coronary infarction with possibly fatal con- 
sequences. In the search for a treatment for the causes 
of this, researchers have concentrated on dissolving 
thrombi as effectively and with as little risk as possible 
within the first few hours—i.e., before the final death 
of the tissue. 


Until recently, streptokinase has been an all-time fa- 
vorite for thrombolysis. This is an exogenous, foreign 
plasminogen activator. In spite of the "-ase" ending, this 
is not an enzyme, but a nonenzymatic protein produced 
by Streptococci, which indirectly activates the clotting 
System. 


As soon as streptokinase is injected, it forms an activator 
complex with the plasminogen which activates further 
plasminogen molecules. Streptokinase is derived from 
Streptococci and is very effective, but it can cause aller- 
gic reactions in the patient's immune system because of 
its bacterial origin. 


The enzyme urokinase, on the other hand, is derived 
from human urine or human kidney cell cultures; it 
has recently even been genetically engineered with 
Escherichía coli bacteria. If urokinase or streptokinase 
are injected in sufficient quantity, they activate the plas- 
minogen to active plasmin and eliminate blood clots. 


However, both proteins work throughout the vascular 
system, i.e., the effect is not limited to the "place of 
damage." This has a strong effect on the whole clotting 
system. Compared to modern fibrinolytics, there is at 
least a tendency to a higher risk of internal bleeding 
(e.g., if the patient suffers from stomach ulcers). 


With modern drugs, only the fibrin-bound plasminogen 
is activated. The effect is predominantly limited to the 
damage site. tPA is a natural tissue type plasmino- 
gen activator and only works where it is needed, at the 
thrombus. Therefore, it does not reduce the clotting abil- 
ity of the blood throughout the whole body. However, 
With a coronary infarction, the body's own tPA is gen- 
erally overwhelmed and must be supported with addi- 
tional recombinant tPA molecules (rtPA). The author 
RR has tried it and it saved his life!! 


TtPA is the gold standard in fibrinolytic treatment of 
coronary infarction. If treated promptly, the patient 
has a realistic chance not only of living but of maintain- 
ing the full function of the heart muscle tissue under 
threat. 


MvocanpiAL Infarction, Cancer, AND Stem Cris — IN 


Trials have shown that in the first few hours, 60-80 ex- 
tra lives per 1,000 of those treated have been saved. 
Treatment commencing later than 3-4h after the in- 
farction can still relieve the pain (by opening the vessel 
again) but the probability of it being too late to pre- 
serve the heart muscle tissue increases. Modern fibri- 
nolytics can be injected immediately in the emergency 
ambulance. 


Human tPA was first cloned in 1982 and was ap- 
proved about 5 years later. As the molecule contains 
sugar as well as protein, it cannot be "simply" pro- 
duced by recombinant bacteria; it is produced at a 
much higher cost in mammalian cell cultures (ovar- 
ian cells from the Chinese hamster, CHO cells) 
and also in the milk of transgenic sheep and goats (see 
Chapter 8). 


Even with rtPA, the tactics of biotechnologists revolve 
entirely around fighting human diseases with bio- 
technologically produced human substances. By 
targeting molecular changes, the efficacy and the time 
for the tPA to take effect are increased. This has led 
to the development of rtPA/Reteplase (Rapilysin from 
Hoffmann-La Roche), which is produced in Е. coli cells, 
and TNK-tPA (from Boehringer Ingelheim), which is 
made in CHO cells. TNK-tPA is an excellent example 
of protein design. 


E 9.3 Stroke: Help From the Vampire 
Enzyme 


Stroke is the third most frequent cause of death 
in industrial countries after coronary disease and cancer 
and is also one of the most frequent causes of severe 
long-term disability. In industrial countries, 300—500 
out of every 100,000 people suffer a stroke every year. 
In the United States, 159,050 deaths have occurred af- 
ter stroke in 2020. 


Twenty percent of stroke victims die within the first 
4weeks. Only about one-third of survivors can re- 
turn to a normal working life. Another third remain 
dependent on the help of other people for the rest of 
their lives. The financial strain on the health services 
resulting from stays in hospital caused by stroke and 
long-term care programs for patients is enormous. In 
2019 in the United States alone, it amounted to about 
$35 billion dollars. At the same time, few stroke pa- 
tients today receive direct treatment for the cause of 
the stroke. 


A stroke occurs if one of the blood vessels in the brain 
is blocked by a blood clot (ischemic stroke) or by 
ruptures (hemorrhagic stroke). In either case, the 


Fig. 9.5 Hirudin (here in blue) 
from the leech binds perfectly 
to thrombin and blocks the 
active center (shown right 
without hirudin). 


You know a certain 
Dr. Endo developed 
vations for high 


Fig. 9.6 Akira Endo (Tokyo) 
discovered the first statin. 
Statins inhibit cholesterol 
biosynthesis in the liver, thus 
reducing the cholesterol 

and LDL levels. The dramatic 
risk reduction of death 

and infarction, however, 

is attributed to additional 
(pleiotropic) effects of statins 
(see Box 9.5). 


Fig. 9.7 A heparin injection 
before my long journey 
between Germany and Hong 
Kong (13h!) helps to prevent 
thrombosis. 


Fig. 9.8 Vampire bats have 
tPA, the model for genetically 
engineered rtPA. 
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Fibrin network «4 


e. 


ae 


Fig. 9.9 Above: How tPA 
dissolves thrombi: the 
proenzyme is changed by fibrin 
into active serine protease, 
which in its turn activates 
plasminogen in blood clotting. 
This essentially ensures local 
fibrinolysis. 


Fig. 9.10 The family of the 
Russian Tsars: little hemophilic 
Alexei can be seen at the front 
on the left of the photo. 
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__activator (t-PA) 


Plasminogen 
(inactive) 


Tissue plasminogen 


Activates plasmi- e 
nogen molecule 


affected part of the brain is no longer supplied with suffi- 
cient oxygen or nutrients. This causes the nerve cells in 
the affected region to die. Treatment required depends 
on whether the stroke is caused by vascular occlusion 
(88% of all strokes) or intracranial bleeding (12%). An 
ischemic stroke (vascular occlusion) is treated by re- 
moving the blood clot that caused the stroke and restor- 
ing the blood supply. 


The only drug that has so far been approved for 
treating the cause of an acute ischemic stroke is the 
thrombolytic recombinant tPA (rtPA), the effect of 
which is based on dissolving the blood clot. However, 
the use of rtPA is limited, as it must be administered 
within the first 3h after the symptoms of a stroke ap- 
pear. In view of this very narrow window of time, only 
a small number of acute ischemic strokes are treated 
with rtPA. 


Desmoteplase, a highly selective plasminogen activa- 
tor, is a new active substance from the German company 
Paion AG. This genetically engineered protein was orig- 
inally found in the saliva of the vampire bat (Desmodus 
rotundus) (Fig. 9.8) whose source of nutrition is the 
blood of mammals. Thanks, Duke Dracula! 


Desmoteplase activates fibrin-bound plasminogen. After 
activation, plasminogen is converted into the enzyme 
plasmin, which dissolves the thrombus by breaking up 
the fibrin matrix. Blood flow to the affected tissue is re- 
stored and the ischemic damage, which would other- 
wise have continued, is minimized. 


The advantage of desmoteplase is that it is not neuro- 
toxic. Positive clinical data from a phase-II study which 
has been concluded indicate that desmoteplase can still 
be effective after the appearance of stroke symptoms in 
a time window of up to 9h. 


ш 9.4 Genetically Engineered Factor 
VIII — Safe Help for Hemophiliacs 


Kings are carefully protected from unpleasant realities. 
The hemophilia of Tsesarevich (Alexej of Russia, 
Great Grandson of Queen Victoria) was really "just 
a symptom of the chasm between royalty and reality," 
wrote the English biologist J.B.S. Haldane (1892- 
1964) (Fig. 9.10). 


The blood disease hemophilia A (Fig. 9.10) affects only 
men but can be passed on through a mother to her sons. 
The gene for clotting factor VIII must therefore lie on 
the X-chromosome. 


Like the genetic disorder of the “Habsburg lip” [man- 
dibular prognathism], the case of Queen Victoria of 
England (1819—1901) and her numerous offspring has 
been well documented in the history of the European ar- 
istocracy. The fact that so many of her male offspring be- 
came old enough to have children can only be attributed 
to their uniquely protected life “under a bell jar.” 


The number of hemophiliacs is small compared to the 
number of cases of infarction, only affecting one man in 
5,000, and can be increasingly treated by biotechnology. 
Hemophiliacs are lacking an important component of the 
blood clotting system, factor VIII. Eighty percent of hemo- 
philiacs have hemophilia A, i.e., factor VIII deficiency, while 
the rest have a lack of factor IX (hemophilia B). Worldwide, 
approximately 1.125 million men are hemophiliacs. In 
US, the current number is around 30,000 men. 


The symptoms of both types of hemophilia are 
the same. They are more dramatic the greater the 


clotting factor deficiency. In severe forms, 
minimal injuries can lead to unstoppable 
life-threatening external bleeding or hemor- 
rhages into the tissues or the joints. With 
milder forms, hemorrhage needs to be 
taken into account predominantly during 
surgical procedures. 


Treatment consists of the intravenous admin- 
istration of the missing clotting factor, and the 
dose depends on the risk of bleeding, i.e., it 
needs to be relatively high for children and 
before operations. 


Less than 500g (1.101b) of factor VIII 
should cover the needs of the world, but 
this small amount had so far cost 170 million 
dollars without biotechnology! 


The factor VIII protein consists of 2,332 
amino acid components. It is therefore one of 
the largest proteins whose structure has been 
elucidated so far. Each person has 1 mg of fac- 
tor VIII in his approximately 10 pints (6L) of 
blood. 


A hemophiliac must be injected with 1 mg 
of the factor twice a week in order to live a 
normal life. If one donation of blood is 1 pint 
(1), we theoretically need 24 blood do- 
nors a week for a single hemophiliac! 
However, the extraction and processing of 
donated blood is not just expensive, it is also 
extremely risky: the main danger used to be 
infection with hepatitis B viruses which cause 
jaundice, but today there is the risk of in- 
fection with the AIDS virus or hepatitis C 
(see Chapter 5). 


It is estimated that 6076 of hemophiliacs have 
been tragically infected by donated blood, 
some of those in France criminally so. In the 
United States, nearly 9076 of Americans with 
severe hemophilia became infected with AIDS 
in the 1980s when the nation's blood supply 
was contaminated. More than 40% of those 
infected with HIV have died. 


On the other hand, the genetically engineered 
factor VIII is virus-free and safe. As factor 
VIII is a glycoprotein, it has to be created 
in mammalian cell lines and used for the treat- 
ment and prophylaxis of bleeding in hemo- 
philia A patients. 


Factor VIII has also been produced recently 
by transgenic pigs (see Chapter 8). The 
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complete human cDNA was combined with 
the promoter for whey acid protein from the 
mammary glands of pigs, and factor VIII was 
expressed in the milk of the pigs. 


Bi 9.5 EPO for Kidney Patients and 
in Sports 


Other genetically engineered products have 
followed factor VIII, such as the hormone 
erythropoietin (EPO), which is formed in 
the kidneys and stimulates the body's own 
erythrocyte production (erythropoiesis) in 
the bone marrow. The glycoprotein EPO is 
a growth factor for red blood cells and 
induces the formation of hemoglobin in the 
bone marrow (Box 9.1). 


EPO is important for the lives of dialysis 
patients, who suffer anemia as a result of 
dialysis. 


In the past, athletes were sent to train at high 
altitudes, since the "thin air" promotes the for- 
mation of red blood cells for a perfect supply of 
oxygen in subsequent competitions. 


That can now be achieved more cheaply. EPO 
is produced, like factor VIII, in mammalian 
cells. The EPO sugar chains are important, 
since they protect EPO from rapid degrada- 
tion in the liver and EPO is inactive without 
Sugar. 


At the Tour de France in 1998, whole teams 
dropped out of the race when they discovered 
testing was to be carried out by the police and 
independent doping experts. 


Ralf Reski in Freiburg now produces EPO in 
bioreactors, using transgenic moss (see Box 7.14) 
with the company Greenovation. 


Hundreds of thousands of patients have 
used the life-saving growth factor, GM- 
CSF (granulocyte macrophage colony 
stimulating factor), which stimulates the 
formation of eosinophils, neutrophils, and 
macrophages. 


Both genetic engineering products have 
a world market value of 2 billion dollars 
each. They are top biotech products! 


Immortality through 
Biotechnology? 


In his book Es wird ein Mensch 
gemacht (A human is being made), 
Jens Reich (b. 1939), molecular 
biologist, physician, and member 
of the German Ethics Council, wrote 
in 2003: 


“Just as an aside that is not directly 
linked to genetics—it would be 
worth having a debate on how 
human society would organize 
itself if the average life expectancy 
were, Say, 200 years. 


If wear and tear could be 

repaired and regenerated in stem 
cell baths, nearly 10 generations 
might be living side by side on this 
planet. 


Children could be born with official 
permission only in order to avoid 
overcrowding. 


Only those who would feel 
overwhelmed by the prospect 
of such a long life span would 
choose to die earlier. All others 
would be given their hemlock 
drink once they have reached 
retirement age. 


It would be difficult to imagine 
how relationships within a family 
could retain their emotional 
warmth when great-grandparents, 
great-great-grandparents, great- 
great-great-grandparents, and 
all aunts and cousins several 
times removed were still around. 
It is hard enough to maintain 
affectionate relationships 
between just three generations 
(little red riding hood and her 
grandmother). 


How could 150-year-olds be 
expected to be creative when 
today’s 90-year-olds—even 
those in good health—are 
struggling? 


It might be possible that humans 
could live for a very long time, but 
it is far more difficult to see how 
an individual could regain his or 
her vitality if they cannot renew as 
a person. 


In Asian philosophy, the eternal 
return of humans has only been 
thought of as eternal rebirth, where 
the individual loses all memories of 
previous lives. 


In Occidental philosophy, 

the deepest insight was the 
recognition that everything that 

is beautiful and magnificent, all 
fulfillment and happiness are only 
what they are because they are 
ephemeral.” 
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Box 9.1 What Are Interferons? 


Interferons are endogenous proteins which 
have a rapid and nonspecific guarding 
mechanism against viruses. While a virus 

is growing in a cell, a by-product of virus 
multiplication evidently induces the 
production of interferons in the cell. 


The interferons are released and migrate to 
other cells in the body. They bind to specific 
interferon receptors on the cell surfaces 
and send out a particular signal (Fig. 9.11). 
This signal causes the cell to produce several 
new proteins, but these proteins alone are not 
sufficient to disturb the cell mechanism. They 
are passive until a cell is infected by a virus. 
The proteins are then activated and inhibit 
further growth of the virus. 


A number of interferons have been found so 
far; the three most important аге a, p, and y 
interferons. 


o-Interferon is mainly formed by white blood 
cells (leukocytes) after a virus attack. It moves 
freely from cell to cell through the body in blood 
serum. At least 16 subtypes of ocinterferon are 
known so far. They are differentiated only by 
slight changes in their chemical structure—in 
the amino acid sequence. 


a-Interferon (above) and y-interferon. 


o-Interferon acts as a unique drug against a 
rare blood cancer, hairy cell leukemia. It is 
also effective against melanoma—a cancer 
that comes from the pigment cells of the skin 
and is known to be malignant. It also works 
against myeloma and hepatitis B and C. 


p-Interferon is formed from a series of cell 
types, including fibroblasts (connective tissue 
cells), which are responsible for the building 
of connective tissue. B-Interferon is used 
predominantly against multiple sclerosis (MS, 
an inflammatory disease of the central nervous 


system). Multiple sclerosis is a chronic, 
inflammatory condition of the nervous system 
and is the most common nontraumatic 
neurological disease in young adults. MS 
affects approximately 1 million US-Americans. 


y-Interferon is formed by white blood cells 
in the spleen during an immune reaction 
(response of the organism to a foreign body). 
This simultaneously creates antibodies or 
specific cells to kill cells that have been 
attacked by a virus or to reject foreign tissue. 


y-Interferon is known for its antiviral 
properties. It is a stronger modulator of 
he immune system than the two other 
types of interferon and was approved 

or the treatment of granulomatosis. 
Granulomatosis is a congenital defect of 
he oxidative metabolism of granulocytes, 

a subgroup of white blood cells. The 
granulocytes of a diseased person do not 
orm aggressive free radicals and cannot kill 
pathogens. Patients must therefore receive 
permanent treatment with antibiotics. It is a 
are disease with three estimated cases per 
100,000 citizens in the United States. 


Interferon may also be effective against 
arthritis (inflammation of the joints) and 
asthma. 


Fig. 9.11 Interferon y (in red) 
binds to receptors (yellow) on 
the cell surface, and the signal 
is transferred into the cell. 


The single interferon molecule 
outside the cell brings together 
four receptors. Various 

protein kinases (orange) are 
bound on the inside and are 
phosphorylated and activated. 
They add a phosphate group to 
the STAT proteins (pink). The 
proteins now form dimers, which 
adhere to the target genes 
(inserted picture) in the cell 
nucleus and trigger synthesis. 
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E 9.6 Interferons for Fighting Viruses and 
Cancer 


Why is it that when a human being or an animal is in- 
fected with a virus such as influenza, they almost never 
catch a second viral disease at the same time? With 
bacterial diseases, one type of bacteria often clears the 
way for another because the body's powers of resistance 
have been weakened. Why should it be different with 
viral diseases? 


This question was posed by Alick Isaacs (1921—1967) 
from England and Jean Lindemann (1924-2015) from 
Switzerland in 1956 when they were working at the 
National Institute for Medical Research in London. They 
found the substance responsible for this in 1957. Protein 
is secreted by cells affected by a virus and makes other 
cells resistant not only to infection with this virus, but 
also to infection with other types of viruses. Isaacs and 
Lindemann named this substance interferon, because it 
apparently prevents or interferes with viral reproduction 
(Box 9.1). 


It was clear from the moment it was discovered that 
interferon was very promising as an antiviral agent, as 


it not only directed itself against any virus, but also pro- 
tected cells from a whole series of viruses. 


However, interferon can do much more; it influences 
various cell activities in a manner that suggests other 
therapeutic possibilities. Interferon is also a highly effec- 
tive drug, as a tiny quantity is sufficient for long-term 
protection. Assuming the correct dose, interferon is a 
natural cell product, and thus it is probably safer than 
most chemical products that have been tried as drugs. 
However, interferon is expressed in such tiny quantities 
by the cells that produce it that many researchers even 
doubted the existence of the substance. 


The situation began to change when Kari Cantell 
(b. 1932) from the Finnish Red Cross developed a produc- 
tion technique in the 1970s that could produce interferon 
from human blood. Cantell collected sufficient blood from 
blood donors in Finnish blood banks to produce interferon 
for clinical tests. However, this process was complicated 
and costly: it involved infecting leukocytes from blood 
donors with a virus, then collecting and purifying the re- 
leased interferon. Using this technique, a total of only half 
a gram of partially purified interferon could be collected 
from more than 1,300 gal (50,0001) of blood plasma! 


£o 


Although the medical profession showed great in- 
terest in interferon, the research had to stay on the 
back burner because of the extremely tiny quantities 
available. The blood of 100,000 donors would 
have yielded 1g of interferon which would have 
contained at best 1% of the pure substance. It was 
calculated that this single gram of pure interferon 
would cost a billion dollars—although such a quan- 
tity was never obtained. 


In spite of the difficulties, the evidence began to mount 
that interferon could be successful in the battle against 
viral diseases and perhaps some forms of cancer In 
January 1980, the news came from Switzerland of an 
"interferon boom," which provided a crucial break- 
through for the further development of biotechnology. 
Precisely on Christmas Eve 1979, researchers at the 
aboratory of the Zurich molecular biologist Charles 
Weissmann (b. 1931 in Budapest) found that the lab- 
oratory strain HiF-2H of Е. coli began to produce a pro- 
tein with biological properties that precisely resembled 
interferon from human leukocytes. This was the first 
obviously successful biological synthesis of the human 
antiviral substance interferon. 


In contrast to attempts at the bacterial synthesis of insu- 
lin, Weissmann and his group were dealing with human 
leukocyte interferon, a substance of which the precise 
structure was not yet known in detail. 


The news of the interferon-producing bacteria in Zurich 
therefore came unexpectedly early, although the possi- 
bility had long been known. 


It was not until the successful synthesis of this pro- 
tein in Æ. coli that its properties also became known. 
Instead of 1300 gal (50,000 L) of blood, now 20 pints 
10L) of bacterial culture solution were sufficient to 
produce half a gram of impure interferon. However, 
it also became clear that the general name "inter- 
feron" included a whole family of substances 
Box 9.1). 


These days, many of the major pharmaceutical com- 
panies all over the world are involved with interferon 
research. The worldwide market for interferon « was 
$660 million in 2018. The three worldwide interferon 
p manufacturers are set to make $4.8 billion in sales 
of p-interferon in 2021 alone. y-Interferon has a market 
volume of 200 million dollars. 


Interferons served as a model for the development 
and production of a series of mediators, such as 
interleukin-2, which causes the immune cells of 
the body to divide and is helpful in the treatment of 
the immune deficiency disease AIDS. The experiences 
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with interferons were also promising in a series of viral 
and other diseases. 


Efficacy against hepatitis B and C as well as against 
various forms of herpes (viral diseases of the skin and 
mucosa) has already been proven. 


Interferons are now mainly used for indications where 
it is as yet unclear why they are effective—diseases that 
do not have a great deal to do with viral infections, par- 
ticularly cancers such as cancer of the bladder, myeloma, 
melanoma, and lymphoma. 


At the moment, interferon is the only drug available 
for the relatively rare hairy cell leukemia, a cancer of 
the blood. Three milligrams of interferon are sufficient 
to treat one patient. 


Patients with multiple sclerosis, rheumatoid arthritis, 
and chronic granulocytomatosis are being given new 
hope because of interferon. It is interesting that inter- 
feron is used as a prophylactic measure against viral dis- 
eases in the elderly or infirm in high-risk situations. 


E 9.7 Interleukins 


Interferon belongs to the cytokine family. These are 
polypeptides (often glycoproteins) which are formed 
from activated cells from the immune system, the hema- 
tological system, or the nervous system. 


Cytokines include the interleukins, colony stimulating 
growth factors, chemokines, inflammatory cytokines, 
and anti-inflammatory factors. 


Cytokines are always of cellular origin, and however dif- 
ferent they may be, they are always freshly produced as 
required and never stored. 


The most important cytokine formed from lymphocytes so 
far is interleukin-2 (IL-2). It was first found in 1976 at the 
National Institutes of Health (NIH) in the United States. 


IL-2 promotes the activity and growth of T-cells (a sub- 
group of lymphocytes) and other immune cells. As the 
vital helper T-cells of the immune system are destroyed 
by the AIDS virus, interleukin-2 is extremely interest- 
ing for the treatment of AIDS. 


It works like a messenger molecule which uses the leu- 
kocytes with other mediators to regulate the immune 
response. IL-2 is the first of more than 20 interleukins; 
known as the “hormone of the immune system,” 
it was approved as Proleukin for the company Chiron 
(now Novartis) for the treatment of renal cell cancer. 
Future clinical applications for interleukins include 
asthma, AIDS, lung cancer, and inflammatory diseases. 


Types of cancer 


More than 200 types of cancer 
are known in humans. The main 
ones are as follows: 


e Lung cancer is at the top of 
the list for both sexes (it is 
often caused by smoking, 
environmental pollution, or 
asbestos). 


e Breast cancer is the 
second most frequent 
fatal cancer in women (it is 
age-dependent and there is 
often a possible hereditary 
predisposition). 

e Prostate cancer is the 
second most frequent 
cancer in men (it is 
age-dependent). 

* Colorectal cancer (bowel 
cancer) is the third most 
dangerous form of cancer 
in either sex (encouraged 
by a diet including a great 
deal of fat and little fiber, 
although there can also be 
a hereditary element). 


Skin cancer is caused 
by UV rays or chemical 
mutagens. 


Ovarian cancer affects 
women over 40, and risk 
factors include a high level 
of estrogen and diet. 


Leukemia is uncontrolled 
growth of white blood cells. 


Ovarian (cervical) cancer in 
women over 30 (increased 
risk caused by smoking, 
early sexual activity, and 
multiple sexual partners). 


Testicular cancer is the 
most frequent cancer in 
young men. 


Of course; 
it's cheaper 
to train on 
drugs than in 
the mountains ! 


Fig. 9.12 Erythropoietin 
(EPO) stimulates hemoglobin 
production. 
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Staphylococcus 


Fig. 9.13 How the immune 
system fends off infection 
(simplified, see Chapter 5). 


Infection mobilizes the immune 
cells so that, first of all, 

the antigen of an antigen- 
presenting cell (macrophage) 
must be taken up, which 
processes the antigen. It 
appears on the cell surface 
and is presented to a T-helper 
cell, which is stimulated to 
form interleukin 2, which then 
activates the B-cells which 
have also had previous antigen 
contact. 


These B-cells proliferate rapidly 
and become differentiated 

into plasma cells, which form 
antibodies that mark the 
antigen for destruction. 


The complement system (below 
left) and killer T cells (below 
right) work alongside each 
other, continuously searching 
the surfaces of all cells and 
killing those cells with signs of 
foreign bodies. 
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Uptake of antibody- 
marked antigens 


«8 of antibodies 
to foreign cells 
antigens) 


Bi 9.8 Cancer: Abnormal, Uncontrolled 
Cell Growth 


Cancer is the general term for any disease that involves 
abnormal and uncontrolled cell division (prolifera- 
tion) (see last page, right border column). The following 
is only an extremely simplified introduction into this 
very complex area. 


New cells that do not have any useful function in the 
body and form a tumor are called neoplastic cells. 


Benign tumors contain cells that resemble normal 
cells. Because they are enclosed in a capsule of fibrous 
extracellular material, they remain in one place and do 
not form secondary tumors. Malignant tumors, on the 
other hand, contain abnormal cells which can become 
detached. They migrate to other parts of the body, spread- 
ing the tumor and forming secondary tumors (metasta- 
ses). Since it is difficult to control this metastasis, it is 
essential to diagnose and treat cancer as early as possible 
before the tumor cells have spread throughout the body. 


Carcinomas are tumors that grow from the epithelial cells 
ofthe inner and outer surfaces of the body such as skin, gas- 
tric mucosa, mammary glands, and lungs. Sarcomas arise 
from cells in support structures such as bones, muscles, and 


Cancer cell or virus- 
infected cell 


cartilage. Neoplasms of the immune and hematopoietic 
system develop from blood cells or their precursors and in- 
clude leukemia, lymphoma, and myeloma. 


Cancer is occasionally inherited or caused by infection. 
Cancer of the neck of the womb (cervix) (human pap- 
illoma viruses), certain forms of cancer of the blood 
(retrovirus HTLV-1), and liver cancer (hepatitis) can be 
encouraged by viruses. 


Cancer is a genetic disease because it always begins 
with a change in the DNA. It is acquired by somatic 
cells during the life of an individual and is not passed 
on to the next generation, but a familial predisposition 
can favor the disease. However, a single gene mutation 
is insufficient to cause cancer in humans, as there are 
complex regulatory networks to counteract this. Cancer 
is therefore a disease of many stages, as individual 
neoplastic cells change progressively into abnormal and 
aggressive cells (see list after Fig. 9.11). 


TUE 


Two important classes of genes are directly linked with 
the loss of growth control. 


Proto-oncogenes code for proteins that promote 
cell growth and proliferation. Under normal condi 
tions, these proteins are only expressed in rapidly 
dividing cells and must be activated via external 


signals. If such genes are overexpressed by mutation 
or their protein products are overactive, this can lead 
to uncontrolled proliferation. Mutated versions of 
proto-oncogenes that increase the risk of cancer are 
called oncogenes. 


On the other hand, tumor suppressor genes sup- 
press cell growth and proliferation in the body. These 
genes can act like a brake on cell division, or they 
can promote cell differentiation or programmed 
cell death (apoptosis). If one of these functions 
goes wrong, there is an excess of proliferating cells 
(Fig. 9.13). 


The change from proto-oncogenes to cancer-causing 
oncogenes can occur in a variety of ways; it is linked 
with a gain-of-function mutation. On the other 
hand, the tumor suppressor genes can lead to can- 
cer through a loss-of-function mutation. In many 
types of cancer, they are silenced epigenetically, i.e., 
by DNA. 


The p53-tumor suppressor is shown in Figs. 9.14 
and 9.15. Its concentration is normally low. If, how- 
ever, DNA damage occurs, the p53 level begins to 
rise and initiates a protection mechanism: p53 binds 
to many regulatory areas of the DNA and causes the 
production of protective proteins. If the DNA dam- 
age is too great, p53 initiates programmed cell death, 
apoptosis. If p53 mutates, this control mechanism 
is lost and so is protection against uncontrolled cell 
division. 


Tumor cells have a series of common characteristics 
which are used to target and fight them: 


e They are physically and morphologically different in 
appearance from normal cells. 


e They have lost their original function (dedifferentiation). 
e They are practically “immortal” in cell culture. 

e They interact with neighboring cells in a different way. 
e They do not attach to surfaces. 

e They possess chemically altered cell membranes. 


e They can contain chromosomal changes. 


e They secrete different proteins. 

An early diagnosis (see Chapter 10) is the key to suc- 
cessful anticancer treatment. 

ш 9.9 New Cancer Treatments 


Thirty percent of cancers are treated surgically, es- 
pecially in the early stages. The other new forms of 
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treatment benefit from genetic engineering and ge- 
nomic research. 


In radio-immunotherapy (RIT), antibodies marked 
with isotopes (see Chapter 5) are used to localize tu- 
mors. Yttrium-90 and iodine-131 can also directly kill 
cancer cells. The antibodies concentrate these isotopes 
on the tumor. 


In chemotherapy, "small molecules" are used. 
Microbial antitumor agents such as mitomycin, 
daunomycin, daunorubicin, and the plant agent pa- 
clitaxel have been used for many years. The first 
mass-produced drug of the biopharmaceutical in- 
dustry was Glivec (Gleevec) by Novartis in Basel 
(Box 9.4). Glivec binds to the ABL-BCR fusion prod- 
uct in chronic myeloid leukemia (CML). The latter 
is a tyrosine kinase, such as the Src protein, which 
usually phosphorylates protein with ATP and is over- 
activated in cancer. 


In biotherapy, proteins are used against cancer: in- 
terferons, interleukins, and monoclonal antibodies. 
Interferons and interleukins stimulate the immune sys- 
tem. Interleukin 2 (IL-2), e.g., stimulates the production 
of lymphokine-activated killer cells which penetrate 
tumors and release toxins. In adoptive biotherapy, the 
patient’s T-lymphocytes are stored in cell culture, acti- 
vated by IL-2, and then transferred back into the patient. 
Recombinant monoclonal antibodies recognize tumor 
antigens and set off the complement cascade and other 
cytotoxic effectors. Rituximab is an excellent example 
of this (details Chapter 5). 


Immunotoxins are antibodies (see Chapter 5) 
that transport a small molecule (such as ricin in 
chemotherapy-resistant forms of leukemia and lym- 
phoma or the bacteria Pseudomonas enterotoxin) to the 
site where it takes effect (Figs. 9.16 and 9.17). They are 
particularly effective for forms of blood cancer because 
these are more easily accessible than fixed tumors. A 
single molecule of ricin can kill a whole cell as it 
"jumps" from one molecule to another (in contrast to 
poisons such as cyanide which work 1:1). The develop- 
ment of anticancer drugs has been accelerated with 
the help of genetic engineering. 


Plants possess an astoundingly great potential for 
anticancer active substances: Acetylsalicylic acid 
(Aspirin) does not just have anti-inflammatory, analge- 
sic, and anticoagulant effects helping to prevent coro- 
nary infarction—it may also be effective against cancer. 
Acetylsalicylic acid attacks the first stage of the synthesis 
of important messenger materials, the prostaglandins. 
This changes the fatty acid arachidonic acid into pros- 
taglandin using the membrane enzyme cyclooxygenase 
(Fig. 9.18). 


a LI 


Fig. 9.14 The p53-tumor 
suppressor protein is a flexible 
molecule made of four identical 
subunits. p53 mutations are 
probably coresponsible for 
half of all human cancers. The 
trigger can be a single incorrect 
amino acid in p53. 


Fig. 9.15 p53 binds with all 
four “arms” (above) and 
activates the neighboring 
proteins involved in sensing 
the DNA. Below: the p53-tumor 
suppressor (red) in action. It 
activates transcription. DNA 
is shown in yellow and two 
RNA polymerases in light 
blue. These have begun to 
synthesize mRNA. 
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Box 9.2 Yew Trees, Paclitaxel 
Synthesis, and Fungi 


In August 1962, the 32-year-old botanist, 
Arthur Steward Barclay (1931—2003), 
peeled off the bark of a Pacific Yew tree 
(Tàxus brevifolia) under contract to the US 
Department of Agriculture. 


This took place in the Gifford Pinchot 
National Forest near the famous Mount St. 
Helens. He sent the samples to a laboratory 

in Maryland to be tested for their biological 
activity. The tests included inhibition of 
growth in the cancer cell culture “9 KB.” By 
September 1964, it was clear that yew extract 
inhibits cancer cells. Amazing! 


There is now a commemorative plaque at 
the site to celebrate the 40th anniversary. 

In 1967, Monroe Wall (1916—2002), 

who obtained the extract, informed the 
Specialist world that paclitaxel showed an 
extraordinarily broad spectrum of antitumor 
activity. It was another З years until the crazy 
structure of the substance was evident: there 
were two molecules in one! 


Plaque at the site where the active substance in 
yew was discovered. 


The worldwide competition to synthesize the 
substance began in 1971. At the same time, 
the National Cancer Institute (NCI) was 
ordering ever greater quantities of yew bark, 
reaching a peak in July 1977 of 3500 kg (7700 
pounds) of bark from 1500 felled yew trees. 


The mechanism of action of paclitaxel on 
cancer cells was explained by Susan B. 
Horwitz (b. 1937) from Yeshiva University, 
New York, in "Nature" magazine in 1979. It 
stimulated stability of the microtubules, not 
direct inhibition of cell division. It disturbed 
the essential dynamics of the otherwise 
lightning-fast construction and disassembly of 
the microtubules, thus inhibiting cell division. 


Paclitaxel impairs cell reproduction and works 
predominantly on cells that divide quickly, 
like tumor cells. It stabilizes the microtubules 
and blocks their necessary reorganization. 
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Microtubules — hollow, cylinder-shaped 
polymers of the cytoskeleton —are crucial in 
helping to decide the cell form and are of great 
significance in the separation of daughter 
chromosomes in cell division. A typical 
microtubule has a lifetime of only 10 min before 
it is disassembled, after which the components 
are used for new microtubules. Microtubules are 
therefore excellent target sites for chemotherapy 
in cancer. 


Paclitaxel is shown in green in the illustration: 
It binds to tubulin and blocks the normal 
dynamics of disassembly and construction. 
The cell activates its suicide program— 
apoptosis—and dies. 


Paclitaxel was released by the Food and 
Drug Administration (FDA) for phase I tests 
on April 6, 1984, after 22 years! The results 
of the phase-II tests for the most aggressive 
form of ovarian cancer were also published 
in 1984: The tumors shrank in three out of 
10 patients. However, it would have been 
necessary to fell 360,000 trees to treat all 
ovarian cancer patients in the United States 
just for 1 year! So tree cultures were not an 
option, as yew trees take hundreds of years to 
yield a good amount of paclitaxel. 


The environmentalists on the Pacific 
coast had already been protesting for some 
time, so a means of synthesis had to be found! 


In 1980, a French group extracted the 
substance 10-deacetyl-baccatin III (10-DAB) 
from the needles of the European yew tree 
(Tàxus baccata). It was possible to harvest the 
needles from the trees by the ton, without 
negative consequences for the environment. 
The 10-DAB taxane ring is the source 
substance for paclitaxel. Pierre Potier and 
Andrew Greene took Ó years to bind 10- 
DAB with the smaller paclitaxel part, a cluster 
of 34 atoms which looked like a snowflake. 


The yields were slim, but from now on the 
aim was clearly to change 10-DAB into 
paclitaxel. The best synthesis chemists in the 
World competed for semisynthesis. 


Synthesis chemistry intervenes 


Robert A Holton (b. 1944), at Florida State 
University (FSU), produced his first paclitaxel 
publication in 1982. With 1 million dollars 
of research money, the workaholic Holton 
managed to synthesize taxusin in 1988, a 
related compound that also occurs naturally 
in yew. 


The paclitaxel crisis reached its climax in 
1988 when the huge requirement had to face 
up to the protests of the Greens. The NCI 
wanted to withdraw from the project, even 
though it had already swallowed 25 million 
dollars! 


Other hopeful candidates had been deferred 
in favor of this substance, so Robert Holton 
received a historic call from NCI: “Invent 
finally a damn semisynthesis!" 


Robert Holton. 


At the end of 1989, Holton had developed 

a process that was double the productivity 
of the French. He patented it and began to 
write to the large pharmaceutical companies. 
Congress had already passed the Federal 
Technology Act in 1986, allowing the 
commercial use of state research results by 
private companies. 


Rhone-Poulenc held the French patent and 
was competing for paclitaxel with Bristol- 
Myers (before its merger with Squibb) and 
two other giants. Bristol-Myers made a 

deal and Florida State University signed the 
agreement of its life on April 1, 1990, gaining 
an excess of money. Not an "April Fool"! 


Bristol-Myers also took over the patent 

costs for all paclitaxel derivatives. Some 
Would prove more effective than the mother 
substance itself. In 1992, the company 
patented a new semisynthesis set up by 
Holton, the metal alkaloid process. 


The source material for this process was 
10-DAB, the complex precursor of paclitaxel, 
which was derived by extraction from 
renewable yew needles. Production began in 


Ireland and took 31 years and cost 32 million 
dollars from bark to business. 


At the end of 1993, 1 g of paclitaxel cost 
5846 dollars, bringing to an end the need 
to supply yew bark. It was a triumph for the 
environmentalists. 


By 1995, innumerable women with cancer 
had had their lives extended by paclitaxel. 

In 1995 paclitaxel was the fastest selling 
anticancer product in the world. 
However, it also had toxic side effects, caused 
particularly by the castor oil/ricinus oil used 
to make the paclitaxel soluble. Bristol-Myers 
recorded annual growth of 38% through sales 
reaching a peak in 2000 of 1.6 billion dollars. 
Paclitaxel was being sold at 20 times the price 
of the raw product. Bristol used the argument 
that development had cost a billion dollars. 


Bob Holton celebrated his triumph over 
almost 100 other synthesis groups all over the 
world on December 9, 1993, having achieved 
a total synthesis of paclitaxel—40 synthesis 
steps with 2% yield. Holton had also found 
hundreds of paclitaxel analogues, which were 
now a potential goldmine and were being 
feverishly protected by FSU in 35 patents. 


As the 5-year agreement with Bristol ran 
out, Holton accused the company of not 
really testing the analogues, so as not to 
provide competition with their blockbuster 
paclitaxel. It was agreed that FSU would 
use their own metal oxide process for the 
paclitaxel analogues, but would pay 50% of 
the licensing fee. 


Backbone structure of paclitaxel. Amazing! 


FSU had earned about 200 million dollars 
from paclitaxel research by 2000, unique 

in the history of the university...Even Bob 
Holton was now wealthy and founded his 
own company with his own money, Taxolog 
Inc. 


It seems that the analogue TL-139 will 
be successful, as it is 1000 times better 
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than paclitaxel was at the same stage of 
development, according to Taxolog, Inc. 


Holton’s motto: “/fyou have the opportunity 
to do something that could save someone's 
life, you have to do it" 


... and now the biotechnology! 


The microbiologist Gary Strobel (b. 1938) 
lives in Montana, a region where yew 

trees grow. He is an enthusiastic rambler 
and spends a lot of time in the mountains 
and forests. His passion is research into 
endophytes, microorganisms that use plants 
as hosts. 


Gary Strobel. 


Strobel took samples from various plants on 
his treks with colleagues Andrea (b. 1955) 
and Donald Stierle from the Montana 
Institute of Technology. 


They found a fungus in 1993 on the bark 

of the Pacific yew in Northwest Montana. 
Strobel was obsessed by the idea that 
microbes on plants produce similar products 
to their hosts. The fungus was therefore 
isolated and named 7axomyces andreanae 
after the host yew (faxus) and, according to 
gentlemanly custom, after the lady in the 
team, Andrea. 


After culture of the fungus and analysis of the 
product, Strobel had still not found what he 
was looking for, but he continued studying 
the structure he had found. He was proved 
right in the end, when he found the little 
fungus itself actually produced paclitaxel. 
Unfortunately, it produced it in quantities that 
were too tiny to be competitive. Nevertheless, 
Strobel had made the brilliant basic discovery 
that microbial parasites imitate the 
chemistry of their host and made the same 
chemical compound as the host plant. If it 
could be isolated and cultured, it could be a 
discovery equivalent to penicillin, and there 
are thousands of other fungi! 


Paclitaxel is the most promising antitumor 
drug of the last three decades. The worldwide 
market in 2001 peaked at billion dollars. The 
sad thing is that, although it has dramatically 
increased the survival time of patients, 

itis not a cure for cancer. Many patients 
develop resistance to it and many tumors do 
not respond to it, so the search goes on for 
modifications. 


Rainer Zocher in front of the yew trees on the 
TU campus in Berlin from which 10-DAB acetyl 
transferase was isolated. 


Paclitaxel is synthesized in plant cells by 
specific enzymes. This caused biochemist 
Rainer Zocher at the TU Berlin to 

try extracting paclitaxel in an enzyme 
reactor toward the end of the preliminary 
stage 10-DAB, i.e., carrying out Holton's 
semisynthesis enzymatically. This has the 
advantage of not producing by-products, and 
unchanged 10-DAB can flow back into the 
process. 


Enzymes are also stereospecific and work 
in a watery milieu at room temperature 
without the use of poisonous chemicals or 
solvents, unlike chemical synthesis. Enzymes 
are therefore tough competitors for organic 
chemistry methods. The key reaction of 
semisynthesis, 10-position acetylation, was 
ackled first. There was actually evidence 
of relevant 10-DAB acetyl transferase 
activity in the needles and roots of yew 
trees on the campus at TU Berlin. They 
then succeeded in cleaning the enzyme and 
partially sequencing it. 


DNA probes (see Chapter 10) could be 
produced from internal sequences and 
helped to isolate the gene from the yew. 
The next step was the expression of the 
plant enzyme іп Е. coli, leaving the way 
open for enzymatic extraction of baccatin 
III, the paclitaxel precursor, in a membrane 
reactor. 


The project is a model system for long-term 
future technologies in which the organic 
synthesis of complex natural materials 
will be replaced by enzymes. 
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Box 9.3 Statins, or How 
Akira Endo Saved Millions of 
People From Possible Heart 
Attacks 


As I (RR) have been taking statins 

myself since 2008, I now have a very 
personal interest in the topic. The first 
statin, compactin, was discovered by 

the Japanese biochemist Akira Endo. 
Compactin lowers cholesterol levels in the 


an article about his discovery, I learned 
that he ekes out a rather modest life as a 
pensioner, whereas his former employer, 
the company Sankyo, became very rich on 
the basis of his discoveries. Although he 
seemed to be quite content, it seems to 
me that this is grossly unfair. He deserves 
to be mentioned together with Alexander 
Fleming and should be awarded the Nobel 
Prize! I told him so and very much hope 
he will live to see it happen. 


Reinhard Renneberg 2010 


Akira Endo (b. 1933) with Joseph Goldstein, 
Chairman of the Jury for the Lasker Awards in 
New York in 2008. 


Statins — Are they wonder drugs? 


Statins decrease the proportion of cholesterol 
that is called bad cholesterol—LDLs 
low-density lipoproteins, LDL cholesterol). 
Between 1994 and 2004, the death rate 
from heart disease in the United States fell by 
33%—an amazing improvement that is largely 
attributed to statins. These are agents tha 
ower the risk of another heart attack in people 
that have already suffered a heart attack. As of 
2010, a number of statins are on the market: 
atorvastatin (Lipitor), fluvastatin (Lescol), 
ovastatin (Mevacor, Altocor), pitavastatin 
Livalo), pravastatin (Pravachol), rosuvastatin 
Crestor), and simvastatin (Zocor). They are 

all able to lower blood cholesterol levels. 
Simvastatin is the most tried and tested. Many 
studies show that it can extend the lives of 
patients with diabetes mellitus and certain 
cardiac diseases. 
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body by blocking enzymatic biosynthesis in 
the liver. When I asked Akira Endo to write 


These are the indications: 


e Stable coronary heart disease (impaired 
cardiac blood flow). Sufferers have often 
had a previous heart attack. 


e Acute coronary syndrome—this applies 
to patients undergoing acute treatment in 
hospital for a heart attack or severe heart 
trouble. 


Akira Endo’s story 


Akira Endo was born into a peasant family 
in snowy Northern Japan in 1933. His 
grandfather taught the boy everything 
there was to know about mushrooms, and 
little Akira was particularly fascinated by 
the Japanese fly mushroom {Tricholoma 
muscarium Kawamura, not identical to the 
better-known fly agaric Amanita muscaria) 
that killed all the pesky flies. 


Dr. Endo recounts: “Like Germany, we had 
lost World War II and nobody knew how life 
was going to continue. Even the children lost 
their dreams and hopes. We were constantly 
hungry.” 


In spite of the general hardship, Akira was 
allowed to go to college, where he was 

an excellent pupil, but was sometimes so 
hungry that he could hardly walk upright, 
crawling along the floor instead. Foraging 
was ubiquitous, including in the Japanese 
woodlands. His grandfather showed him 
that even seemingly poisonous mushrooms 
could be eaten once the poison had 

been extracted by boiling and the water 
discarded. Akira found that extremely 
interesting and, when on holiday from 
school, he started boiling the mushrooms 
and decanting the boiling fluid. Those 

flies that drank nothing but the fluid died 
immediately. “This showed that the toxic 
component was water soluble, just as my 
good grandfather had told me.” These were 
powerful first impressions. 


Alexander Fleming Becomes Akira’s 
hero 


As an adolescent, Akira was impressed by the story 
of Alexander Fleming discovering penicillin. 
This first antibiotic had saved millions of lives 
during the war and was now biotechnologically 
produced at an industrial scale (see Box 4.7). 

A similar story happened after the war when 
Selman Waksman at Rutgers University isolated 
streptomycin from soil microbe, which cured 
tuberculosis (see Section 4.20). 


After university, Endo worked as a research 
fellow at Sankyo Company (now Daiichi-Sankyo 
Company Limited). Sankyo was founded by 
Jokichi Takamine (see Fig. 2.13). He donated 
3000 Japanese cherry trees to Washington, DC, 


the capital of the United States, in 1933, where 
they still attract crowds in Spring. 


The Japanese fly fungus that enthused Akira as 
a boy. 

Endo began his career in food enzyme 
technology, screening 250 different microbial 
fungi for pectinases (see Section 2.7) that 
would liquefy fruit for the production of 
clear fruit juices. He found a fungus that 
produced potent enzymes, and the resulting 
product was an immediate market success. 
In recognition of his merits, the company 
sent him to the Albert Einstein College of 
Medicine in New York so that he could study 
the role of phospholipids in the synthesis of 
bacterial cell walls for 2 years. Cholesterol 
was not his research subject, though he had 
been interested in the field prior to the study 
in New York. Through his daily life in New 
York, he learned that cholesterol had become 
a much debated topic because of an increase 
in heart disease. 


The fungus that produced Compactin. 


“When I came to the United States, I found it 
very strange that Americans carefully cut off 
the fatty bits before tucking into their huge 
steaks. What a waste—and a culture shock for 
me as a Japanese person. The next shock was 
the sight of so many overweight people in the 
streets. It made me laugh at first because it 
reminded me of our especially fattened sumo 
wrestlers.” 


Cholesterol $ 


At the time, there were already cholesterol- 
lowering drugs available, such as clofibrate. 
The side effects, however, were considerable. 
Medicinal products containing clofibrate 
were therefore banned in Germany in 1979. 
What was also understood then was that the 
cholesterol metabolism is controlled by a key 
enzyme—HMG-CoA reductase (3-hydroxy-3- 
methyl-glutaryl-CoA reductase). 


We now know that humans rely on two 
cholesterol sources. The minor(!) proportion is 
ingested with food (0.1—0.3 up to a maximum 
of 0.5 g/day), while the larger proportion 

(1-2 g/day) is produced by the body itself. 

It is therefore perfectly possible that even 
vegetarians can have elevated cholesterol 
levels. 


Cholesterol biosynthesis takes place mainly 
in the liver, but some cholesterol is produced 
independently in the brain, being unable to 
cross the blood-brain barrier. When blood 
cholesterol concentrations are high or there 
is an increased intake of fat with food, HMG- 
CoA-reductase production is inhibited and 
endogenic cholesterol production reduced. 
Enzyme production is activated through 
insulin occurring at high concentrations when 
blood glucose levels are high—providing 
enough energy for the production of 
cholesterol. 


MvocanpiAL Infarction, Cancer, AND Stem Cris — IN 


When Endo came back from the United 
States, he had a clear understanding of 
cholesterol and developed an interesting idea. 
Just like humans, bacteria need cholesterol 

о keep their cell membranes intact. Fungi 
are in competition with other microbes—so 
some fungi might have developed the ability 
o inhibit the production of the enzyme that 
initiates biosynthesis of sterols in bacteria. 
Which fungus could that be? Endo asked 

or support from Sankyo. Masao Kuroda, a 
young chemist at Sankyo, and two assistants, 
Worked for him from then on. In April 1971, 
hey began to culture fungi. The target 
enzyme was isolated from rats’ livers. (This 
brings back memories of my PhD studies 

in Berlin-Buch when I removed the liver 
from 20 rats per week in order to isolate 
cytochrome P450. I still feel sorry for them... 
the author RR.) 


Testing 6,393 fungi 


For more than 2 years, the team worked day 
and night to exhaustion in their lab near a 
railway depot in the south of Tokyo. They 
found some extracts that were effective in 
inhibiting the enzyme, but were too toxic. 
In August 1973, they finally found the 
fungus they were looking for, after 6392 
failures. Interestingly, it turned out to be 

a Penicillium fungus, just like Fleming’s. 
Penicillium citrinum produced the first 
statin, compactin. 


Sankyo, however, remained skeptical, as there 
was no precedent for statins. The company 
preferred to remain on the safe side, promoting 
traditional cholesterol-lowering drugs. Such 

a conservative attitude is often found in the 
management of companies. Only his direct 
superior supported Dr. Endo when a secret 
therapy experiment was carried out at the 
University of Osaka. Dr. Akira Yamamoto at 
the University hospital in Osaka studied patients 
with a genetic defect that led to extremely high 
blood cholesterol levels. In order to keep the 
project secret, Endo phoned Yamamoto at night 
only. Nowadays, such a test would require 
comprehensive bureaucratic licensing. The first 
patient to be given statins was an 18-year-old 
Japanese woman. She received a very high 
dose of compactin and immediately suffered 

a side effect which is now well known— 
painful muscles. She was hardly able to walk. 
Yamamoto’s superior immediately halted the 
experiment. Yamamoto, however, insisted 

on the continuation of the experiment. The 
patient recovered and lower doses were given 
to other patients. In nine patients, Yamamoto 
succeeded in lowering cholesterol levels by 

an average of 27%. Now even Sankyo agreed 
to formal testing. Too late—Endo left Sankyo 
in frustration and went to Tokyo University 

of Agriculture and Technology (Tokyo Noko 
University). Against all polite Japanese etiquette, 


colleagues in the laboratory were instructed not 
to help Dr. Endo even with his packing. 


However, Sankyo was not the only company 
that became interested in statins. The US 
pharmaceutical giant Merck concluded a 
disclosure agreement with Sankyo. The 
contract was just one page long and had one 
small but significant loophole. In case Merck 
found cholesterol inhibitors in other fungi, 
this would have no financial repercussions. 
This meant full steam ahead for the research 
and development department at Merck, and 
sure enough, in 1978, a fungus was found 
that produced a compound virtually identical 
to Endo’s compactin. It was called lovastatin. 


Success was in the air—at the same time, 
Endo found the same substance during his 
first months at Noko University. Merck, 
however, had more clout and acquired the 
marketing license for the United States. 

In 1987, Merck’s Mevacor entered the 
market, the first FDA-licensed statin. By the 
mid-1990s, statins were everywhere, and 
nowadays, Pfizer’s Lipitor has become the 
world market leader in medicinal products, 
with a $12 billion annual turnover. 


However, the patents expired in 2011, and 
cheap generics are produced in India and 
China. Endo kept his sense of humor and said 
at a dinner party: “Today, I had some good 
news and some bad news. The bad news was 
that my cholesterol level is too high at 240 
mg/dL. I must have eaten too much sukiyaki 
or shabushabu... The good and funny news 
is that my doctor tells me not to worry—he 
knows some excellent new cholesterol- 
lowering drugs. Haha!” 


Young Akira Endo in Lab. 


Sources: 


www.scienceheroes.com 


339 


Fig. 9.16 The castor oil plant 
(Ricinus communis) and its 
seeds are suppliers of ricin. 


An attempt was made in 
London in 1978 to assassinate 
the exiled Bulgarian Georgi 
Markov. He was waiting for a 
bus on Waterloo Bridge and 
was stabbed from behind in 
his calf with an umbrella. That 
same evening, he developed 
a fever and his blood pressure 
dropped. Four days later, he 
died due to cardiac arrest. At 
the autopsy, a 1.7 mm diameter 
ball of platinum and iridium 
filled with ricin was found 
which had two holes in it. 


This assassination technique 
was used in at least six more 
cases in the late 1970s and 
early 1980s. 


Fig. 9.17 Ricin is a potent 
phytotoxin that protects the 
seeds of the castor oil plant 
from mammals. The two chains 
have different tasks: the 
B-chain (shown in pink) binds 
strongly to sugars on the cell 
surface and directs the A-chain 
(blue) into the inside of the 
cell, where it enzymatically 
attacks the ribosomes. 
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Some drugs such as paclitaxel (Taxol) (Box 9.2) 
(from yew), vinblastine, and vincristine (from the 
Madagascar periwinkle, Chapter 7) are synthesized in 
plants in tiny quantities. They have fantastically com- 
plicated structures. The chemical designation for the 
drug paclitaxel, for example, is. 


5p,20-epoxy-1,2-0,4,7-p,10f,13-o-hexahydroxytax- 


11-en-9-one 4,10-diacetate 2-benzoat 13-ester with 
(2R,3S)-N-benzoyl-3-phenyl-isoserine 


Attempts are being made to reprogram plants using 
metabolic engineering. The active substance from 
yew (Tàxus) was the first anticancer drug from plants 
(Box 9.2). 


Bi 9.10 Paclitaxel Against Cancer 


Yew (Taxus brevifolia) is an evergreen conifer which 
bears brilliant red fruits in autumn. All parts of the 
conifer are highly poisonous—with one exception: 
the red fleshy seed coat is edible, although the Kernel is 
poisonous (do not try!). 


The trees conceal in their gnarled bark a drug that can 
save lives. During the life of the tree, the yew (Box 9.2) 
continuously stores an alkaloid in its bark, paclitaxel, 
also known as Taxol. 


Paclitaxel has become an indispensable cytostatic in 
medical treatment. Cells react to inhibition of cell divi- 
sion with programmed cell death—known as apopto- 
sis. After intensive research by the US National Cancer 
Institute (NCI), paclitaxel has been very successfully 
used for breast and ovarian cancer in humans since 
the early 1990s. But this drug has one disadvantage: it is 
rare and therefore very expensive. 


The Pacific yew (7. brevifolia) supplied the much 
sought-after paclitaxel. It can be found in the remain- 
ing primeval forests on the coast of Northern California. 
Unfortunately, it is predominantly the particularly an- 
cient trees that have accumulated the alkaloid in higher 
concentrations. 


Two grams of the drug are required to treat one cancer 
patient. The demand is enormous, because to provide 
sufficient treatment for 1 year for all those women in the 
United States who have breast cancer, all the remaining 
yew trees in California would have to be felled. A tree 
of about 2ft. in diameter takes 200years to reach this 
size and supplies about 2.5 kg (5V21b) of paclitaxel. That 
corresponds to a yield of only 0.004%. 


As resistance from conservationists against defor- 
estation gradually became more intense, the protection 
of the yew and primeval forest was set against the profit 


interests of commercial companies. In January 1993, 
3 weeks after the approval of the active substance by the 
FDA, it was announced that there would be no further 
felling of yews in the US National Parks (Box 9.2). 


In the meantime, the active substance was semisynthet- 
ically produced from the regrown needles of the yew 
and was initially used as mentioned in women, for the 
treatment of malignant ovarian and breast tumors. 


The treatment of lung cancer, which normally leads 
to a rapid death, has also made some small but im- 
portant progress over the last 5years with the drugs 
Taxol or Taxotere, based on paclitaxel. The World 
Health Organization (WHO) says that lung cancer 
is the most frequently occurring malignant disease 
in the world, which, according to expert opinion, is 
caused by cigarette smoke in about 80% of cases. The 
American Cancer Society’s estimates for lung cancer 
in the United States for 2021: about 235,760 new 
cases of lung cancer (119,100 in men and 116,660 
in women). Other causes include radon, asbestos, and 
air pollution. 


In the 1980s and the early 1990s, more than 100 lead- 
ing chemists competed to totally synthesize paclitaxel 
in the laboratory. In the end, Robert A. Holton’s 
team (Box 9.2) at Florida State University won and 
the scientists were able to report on the complicated 
process of total synthesis in 1994, which produced a 
yield of 2%. 


What plant cells create at normal temperature, normal 
pressure, and in water, chemists “cook up” in 40 small 
steps. The only thing the two processes have in com- 
mon in the end is the low yield of the material which is 
so much sought after. As the Californian yews could not 
all be felled at once, alternative sources had to be found. 


Taxol can now be also made in fermenters with plant 
cell cultures from yew cells. The microbiologist Gary 
Strobel (b. 1938), Montana State University, tracked 
down new sources of paclitaxel in symbiotic (en- 
dophytic) fungi (Box 9.2), which live in the internal 
tissues of the tree. However, fungal production of pa- 
clitaxel has not been developed yet as an industrial 
method. 


E 9.11 Human Growth Hormone 


A lack of growth hormone (Fig. 9.19), which is formed 
in the pea-sized pituitary gland (hypophysis), leads in ex- 
treme cases to dwarfism or infertility. Until the end of 
the 1950s, dwarfism could not be remedied by medical 
treatment. It was not until 1958 that more and more 
children began to receive human growth hormone, 
hGH. In contrast to insulin, which can also come from 
pigs or cattle for the treatment of diabetes, the growth 


hormone is species-specific. Only human growth hor- 
mone can therefore be used for treatment. It therefore 
had to be taken from the brains of human corpses. The 
previously 2-year course of treatment for one child 
required 50-100 pituitary glands. 


Today, we assume that treatment with growth hormone 
must be continued beyond the 18th year of life, in order 
to be successful. 


After some patients died, the sale and use of natu- 
ral hGH was prohibited at the start of 1985 because, 
while the hormone was being isolated, infectious par- 
ticles from the corpses supposedly contaminated the 
drug and caused Creutzfeldt-Jakob disease (similar to 
BSE). 


Fortunately, there is now a new genetically engi- 
neered hGH. The Swedish company Kabi Vitrum, 
e.g., formerly the biggest producer of “natural” human 
growth hormone in the world, now uses a genetic 
engineering process. Bacteria in a 120gal (450L) 
bioreactor now produce the same quantity as 
was previously produced from 60,000 pituitary 
glands. 


Previously, there was so little hormone available that 
only children with severe dwarfism could be treated. 
New findings have triggered a definite increase. Of eco- 
nomic interest is the fact that growth hormones promote 
milk production in cows (see Chapter 8), but in mast 
cells it produces an "anabolic effect," i.e., growth hor- 
mone increases protein (muscle) and reduces the forma- 
tion of fat, which is exciting news to bodybuilders and 
the world of sport. 


In Paris in 2003, the leading German doping specialist 
Werner W. Franke (b. 1940) declared at the Athletics 
World Championships: "This World Championship was 
a festival of dental brace wearers. This is a sure sign that 
human growth hormone is being taken, as the jaw bones 
grow so that the teeth jut out, as happens with malfor- 
mations in children. Dental braces are a definite indica- 
tor of hormone misuse." 


E 9.12 Epidermal Growth Hormone — 
Wrinkles Disappear and Diabetic Feet 
Heal 


Huge sums of money are spent all over the world on 
making wrinkles and creases disappear from the 
face. Women even allow themselves to be given injec- 
tions of the botulism toxin (Botox). In principle, this is 
a biological weapon! The toxin is formed by bacteria that 
are notorious for food poisoning. It is injected under the 
skin to paralyze the muscles so that wrinkles disappear, 
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although the effect is temporary and lasts only for as long 
as the muscles remain paralyzed. 


The cosmetic industry also uses other costly antiwrinkle 
creams containing fats and vitamins. For the most part, 
young girls with flawless complexions are used as ad- 
vertising media (Fig. 9.20). Epidermal growth factor 
(EGF) works differently. It is a peptide that stimulates 
the skin cells to regenerate. 


Wan Keung Wong  (b.1952) of the Hong Kong 
University of Science and Technology (HKUST) had 
human EGF genetically engineered using Æ. coli The 
relatively expensive EGF cream (1 little jar costs 450 HK 
dollars or 50 euros) is applied daily, and after 4—6 weeks, 
the wrinkles are replaced by regenerated skin cells 
(Fig. 9.20). The author RR tried it: it works! 


There has also been a dramatic medical breakthrough 
with EGF reported, involving patients with severe dia- 
betes, who often suffer from diabetic foot ulcers, open 
wounds which will not heal. 


In the United States, in 2020, 34.2 million Americans— 
just over 1 in 10—had diabetes. 88 million American 
adults—approximately 1 in 3—have prediabetes. 


In a Hong Kong study with EGF, definite healing could 
be seen after 8 weeks in almost hopeless diabetics. Their 
only alternative had been amputation of the foot! EGF 
also helps the skin to form new cells faster in burns cases 
and is also successfully used for eye injuries and for heal- 
ing gastric ulcers (Fig. 9.20). 


Bi 9.13 Stem Cells, the Ultimate Fountain 
of Youth? 


Stem cells (Fig. 9.22) continuously renew our body 
cells, although the regeneration of muscle and nerve tis- 
sue remains problematic. It has therefore been believed 
until now that the brain cannot regenerate after a stroke, 
nor can the heart muscle recover after a coronary infarc- 
tion. However, it now seems that there are stem cells 
that can do this. 


How is it that stem cells are capable of regenera- 
tion? Not only can they divide many times and keep 
themselves alive, but they can also form new special- 
ized body cells. Stem cells from the blood system di- 
vide in the bone marrow when signaled by the body 
(e.g., with erythropoietin, EPO), as a result of blood loss 
(Chapter 4), and form secondary stem cells as well as 
new blood cells. 


Tissue stem cells are therefore "primeval cells" which 
continuously allow new specialized cells to arise where 
they are needed. Stem cells can also be found in the 
early embryo, 5-10 days after fertilization. These em- 
bryonic stem cells (ESC) led to bitter discussion from 
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Fig. 9.18 Aspirin is at present 
the most commonly taken drug, 
and 80 billion tablets of it are 
swallowed annually. Salicylic 
acid was isolated from willow 
bark (Salix alba) in 1828 asa 
yellow, crystalline mass and 
named salicin. 


Felix Hoffmann (1868-1946) 
then patented acetyl salicylic 
acid (ASS) in 1889 and offered 
the concept to the Bayer 
company. Aspirin blocks the 
production of prostaglandins 
in the body, mediators that 
pass on and strengthen local 
pain signals. All prostaglandins 
come from the precursor, 
arachidonic acid. The enzyme 
cyclooxygenase (COX) inserts 
two oxygen molecules into 
arachidonic acid, resulting 

in the production of 
prostaglandins in the body. 


Ifthis enzyme is inhibited, 
pain signals do not arise as 
reactions to inflammation, and 
blood clotting is also delayed. 


Aspirin inhibits this enzyme 
and blocks prostaglandin 
formation. Evidently, 
"nonsteroidal anti- 
inflammatories" such as Aspirin 
are also a protection factor 
against some forms of cancer. 


It is seen as a wonder drug 
against coronary infarction, but 
Aspirin cannot prevent a first 
infarction; it can only reduce 
the danger. 


From a purely financial point 
of view, Aspirin is probably the 
most cost-effective precaution 
against some treatment- 
intensive and expensive 
diseases. 
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Box 9.4 Gleevec—The First 
Tailor-Made Cancer Drug 


As a 12 year old, his heroes were Louis 
Pasteur and Marie Curie and he wanted to 
have as great an effect on the world as they 
had, perhaps by finding a new drug. Alex 
Matter was born in Basel in 1940 and after 
medical training in Basel and Geneva and 
then training in Pathology and Immunology 
in the United States and Europe, he focused 
on cancer, which was considered an almost 
hopeless case. Matter thought that we 
should be able to find out from nature 

how unwanted cells are killed, and that 
“We should be able to cure cancer like an 
infectious disease!” 


In 1980, he was working in his laboratory in 
France on interferon (Box 9.1), which was 
being celebrated at that time as a wonder 
drug against cancer. Unfortunately, these 
hopes were naive. Even worse, to Matter’s 
disappointment, no one seemed to be 

keen on cancer research at that time. The 
pharmaceutical “giant” Ciba-Geigy in Basel 
had closed its cancer research department in 
1980. 


Nevertheless, Matter was enticed back 

to Basel in 1983 to head the reopened 
department, although no one expected 
anything useful from cancer research in the 
short term. Matter was warned that this 
would be the end of his scientific career. 

He formed a team only to find out that the 
project was “blacklisted”—nothing unusual 
in the industry! However, Matter fell upon 
molecular biology, which was now booming, 
believing it had to hold the key to the cancer 
problem. 


He was particularly fascinated by kinases 
(see Chapter 3). Some Chinese doctors 

and some colleagues in Basel believed that 
kinases might have something to do with 

cell proliferation. What would happen if 
these kinases were inhibited? Alex Matter 
found some Japanese work in the library 
which showed that the natural substance 
staurosporin made from fungi inhibits a series 
of kinases. 


The idea of fighting cancer like this seemed 
to his colleagues rather outlandish and 

too simple. After 2 years in Basel, he hired 
Nicolas (“Nick”) B. Lydon (b. 1957) 
from Boston for kinase research and they 
concentrated on tyrosine kinase. 


Today, we know that tyrosine kinases are 
essential in healthy cells. These enzymes are 
important for signal transduction (sending 
signals). A chain of communication on 
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the inside of the cell is set in motion upon 
receipt of a suitable external message: signals 
reaching the cell from the outside are taken 
up and distributed as far as the cell nucleus 
and the genes. 


Tyrosine kinases are the most important 
intracellular message transmitters. They 
transfer an ATP phosphate group to the 
tyrosine modules of proteins. 


Alex Matter. 


In Boston, Matter was working with the 
postdoctorate medical oncologist Brian 
Druker (b. 1955), who was testing 
inhibitors. The only person missing from the 
team was the chemist Jiirg Zimmermann (b. 
1943), who was working on them in Basel, 
and a biologist who was still testing them, 
Elisabeth Buchdunger. 


Jürg Zimmermann. 


Brian Druker knew that chronic myeloid 
leukemia (CML) was the most promising 
cancer and was the only one out of more 
than 100 types of cancer where the genetic 
cause was known. Druker predicted in 
1988 that CML could be the first disease 
on which a protein kinase inhibitor worked. 
With chronic myeloid leukemia, the white 
blood cells (leukocytes) multiply out of 
control. The obvious cause of excessive 
growth with this type of leukemia is a 
genetic defect visible with a microscope. The 


degenerate white cells can be seen on the 
changed chromosome, the Philadelphia 
chromosome. It develops as a result of 
an accident in one of the stem cells in the 
bone marrow, where white blood cells are 
produced. As the cells divide, chromosome 
9 wrongly receives a piece of chromosome 
22 instead of a piece of chromosome 9. 
This translocation of genetic material 

is characteristic of most cases of chronic 
myeloid leukemia. The Philadelphia 
chromosome is so typical of the disease 
that doctors have long used it as a marker 
chromosome for the diagnosis. 


With the fusion of the chromosome pieces, 
two genes come together, whereas they 

do not normally have anything to do with 
each other. These two genes are the abl 
gene from chromosome 9 and the bcr 

gene from chromosome 22. The two genes 
become immediate neighbors—with fatal 
consequences. Together, they form an 
oncogene, a gene that causes cancer, in 
this case bcrabl. 


Druker doubted that they could create an 
inhibitor that selectively inhibited a cancer- 
causing tyrosine kinase without affecting the 
other 150 or so tyrosine kinases of the cells. 
He read in the journal Science that a group 
had specifically inhibited the receptor for 
Epidermal Growth Factor (ЕСЕ, this chapter). 
Druker now thought that if a tyrosinase 
kinase inhibitor could stop the bcrabl 
oncogene, that would be proof of a molecular 
biology concept for fighting cancer. 


By 1990, there were 100 researchers 
employed at Alex Matter's Ciba-Geigy 
laboratory, compared to half a dozen in 1983, 
in spite of the direct and indirect resistance 

of the company management. Because of 

the low number of patients with CML, a 
pharmaceutical blockbuster was not expected, 
but for Alex Matter it was a matter of the 
principle. If the inhibitor worked with this 
cancer, others could also succeed by following 
he molecular biology route. Matter and 
Lydon had hundreds of substances they 
wanted to test, but all turned out to be poor 
inhibitors. 


Jürg Zimmermann joined Matter's 
department in 1990. His compounds fitted 
he ber-abl enzyme “pocket.” This active 
center is filled with ATP. However, the 
compounds must not inhibit the “good” or 
important tyrosine kinases. Every week, 
Zimmermann synthesized about 10 
compounds which were then tested by 
biologists over the next 2 weeks. The first 
results were shattering, as they showed good 
inhibition but affected all kinases, so these 
substances were poisonous! 


Anchor 


The Src-protein, a tyrosine kinase, has a number 
of mobile parts. In its inactive form (right), it is 
ball-shaped. The active form (left) is open so that 
it can phosphorylate proteins. It binds ATP (red) 
which supplies the phosphate group. Tyrosine 
(blue) is phosphorylated in the first reaction. 
When this site is phosphorylated, the enzyme is 
fully active. Loss of control in tyrosine kinases: 
if the tail is capped, the enzyme can no longer 
close up into its inactive form (right); Src is then 
permanently active, control of cell growth is lost, 
and cancer can arise. 


Zimmermann then became aware of a 
class of substance already on the market, 
phenylaminopyrimidines. His "gut feeling" 
as a chemist told him that something could 
be done with these. When Zimmermann 
arrived at the laboratory in August 1992, he 
could feel success in the air. He knew that 
there was a series of substances that were 
active against the bcr-ab/ oncogene and 
even showed in vivo activity in laboratory 
animals! 


A gene encoding tyrosine kinase is 
disturbed by chromosome translocation 
coded for tyrosine kinase (see illustration 
above). Tyrosine kinase is deregulated and 
remains permanently "switched on." The 
"hyperactive" enzyme phosphorylates 
all proteins in the cascade of reactions 
which tell the cell to divide. Uncontrolled 
phosphorylation is thus the source 

of a catastrophe that leads to cancer. 
Phosphorylation must therefore be brought 
under control by kinases in order to fight 
CML. 


The test by Elisabeth Buchdunger took 
only a few hours. Cell cultures were 
incubated with the substance that had been 
found, imatinib mesylate. The level of 
phosphorylation was measured to see if the 
substance had had an effect on the bcrabl 
oncogene. Indeed, phosphorylation had been 
inhibited! The researchers still did not know 
that they were writing medical history. 


In Spring 1993, the substance was classified 
as a "drug candidate" and was given the code 
name STI571. 


MvocanpiAL Infarction, Cancer, AND Stem Cris — HN 


The drug had one disadvantage in that low 
patient numbers meant low profits, even if 
they were successful. Four similar compounds, 
including STI57, were tested by Brian 
Druker in the United States in 1993; the 
first results were produced in February 1994 
and showed that 9076 of the leukemia cells 
had been inhibited in cell culture. Animal 
trials started in 1995, all with a high level of 
success. In March 1996, Ciba-Geigy merged 
with Sandoz and Daniel Vasella (b. 1953) 
became the new Chief Executive Officer 
(CEO) and, in 1999, President of Novartis. 


Alex Matter's research capacity was doubled 
by colleagues from the Sandoz oncology 
department. People remained skeptical 

about his concept, and pressure on him grew 
endlessly, while the marketing management 
insisted that the market was much too small. 


Alex Matter believed the project had to 
work. “I was like a dog with a bone,” he says. 
“T could not let it go!” 


The structure of Glivec (Gleevec) or imatinib 
mesylate. 


A hundred million dollars had been poured 
into the project. The Gleevec concept 

had already been thought up in 1983, the 
imatinib mesylate molecule had already been 
synthesized in 1993, and, after some ups and 
downs, tested on the first patients in 1998, 
hen approved in record time by the FDA in 
2001 because cancer patients had organized 
hemselves so well. 


STI or Gleevec is one of the first drugs 
tailor-made on a molecular level and is a 
representative of a new class of cancer drugs, 
“signal transduction inhibitors.” Compared 
to traditional cancer drugs, which could 

only partly distinguish between healthy and 
altered cells and are frequently associated 
with severe side effects, the new active 
substances try to attach themselves precisely 
to the molecular information pathways 
typical of tumor cells. 


Disturbed communication pathways inside 
cells are not just significant for chronic 
myeloid leukemia. The active substance 


STI571 interferes with overactive tyrosine 
kinase. It is incorrectly formed because of the 
Philadelphia chromosome. Communication 
disturbed in this way is blocked in the cell at 
one of the first and most important molecular 
transduction stages. Thanks to the drug, the 
growth message no longer reaches the cell 
nucleus with the genes. Uncontrolled cell 
proliferation is now stopped. 


The small, life-saving Gleevec pills. 


The results were so promising that the 
American health authorities approved the 
new cancer drug in May 2001 for the 
treatment of patients with chronic myeloid 
leukemia. 


Gleevec also affects other tyrosine kinases 
promoting the growth of gastrointestinal 
stromal tumors (GIST). Until now, there has 
not been a drug treatment for this abdominal 
cancer. 


Median survival for Gleevec-treated people 
with GIST is nearly 5 years (compared to 
9-20 months). 


Dr. Alex Matter (third from left, with the author 
RR and Stefan Ziegler, Novartis Taiwan) 
introduces the concept behind Gleevec to 
students at Biocamp in Taipei in 2004. 


Cited Literature: 


Eberhard-Metzger C (2001) Die neuen 
Medikamente gegen Krebs. [New drugs for 
cancer] Spektrum der Wissenschaft, page 46 
ff and material from Novartis. 


www.glivec.com 
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Fig. 9.19 Human growth 
hormone. Would Napoleon 
have been so great if he had 
been taller? 


Fig. 9.20 Above: EGF is already 
used in a lipstick in China. 
Middle: production of EGF with 
E. coli in a bioreactor (right 
WK Wong). Below: after weeks 
of expensive EGF treatment, 
wrinkles disappear, only to 
reappear after the cream is 
stopped... (self-experiment). It 
might, however, activate skin 
cancer cells... 


Fig. 9.21 German painter 
Lucas Cranach' s (1472-1553) 
"fountain of youth"; does 
biotechnology make it finally 
possible? 
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2000 onwards in the media and various parliaments, be- 
cause in principle, all cell types can arise from them, as 
they are pluripotent. 


How do embryonic stem cells arise? The fertilized egg 
(zygote) forms a compact ball of 12 cells, the morula 
(“mulberry”), in 3—5 days after rapid cell division. After 
5-7 days, an embryo arises in the form of a 100-cell 
blastocyst. 


The blastocyst measures only about one-seventh of a 
millimeter. Its outer cells are called the trophoblast. 
The small clump of cells inside is the inner cell mass and 
the source of the embryonic stem cells. These ESCs have 
the ability to differentiate into about 200 cell types; they 
are then pluripotent. 


James Thomson (b. 1958) ofthe University of Wisconsin 
in Madison was the first to isolate and cultivate human 
ESCs. In the same year, John Gearhart (1943-2020) 
and his team at the Johns Hopkins University managed 
to produce primitive embryonic gamete cells (sperm and 
egg cells), which also differentiated. 


Human ESCs have two main properties: 


* They can regenerate themselves indefinitely and 
form more stem cells. 


* They can differentiate themselves under certain 
conditions to form a number of mature specialized 
cells. 


Human ESCs do not age because they express a high 
level of telomerase. Various working groups have kept 
cell lines alive for more than 3years and more than 600 
rounds of division without problems. However, stem 
cells can also be frozen for long periods and do not lose 
their properties. If they are stimulated by growth factors, 
they can differentiate into different cell types such as 
skin cells, brain cells (neurons and glia cells), cartilage 
(chondrocytes), osteoblasts (bone-forming cells), hepato- 
cytes (liver cells), muscle cells (including smooth muscle 
which covers the walls of blood vessels), cells of the mus- 
cles of the skeleton, and heart muscle cells (myocytes). 


If stem cells are transplanted into a sick organ, they can 
form the necessary replacement tissue on site. In rats 
and mice, dead heart muscle cells have been regener- 
ated with embryonic stem cells after an experimental 
coronary infarction (Fig. 9.23). This has even been 
achieved in humans with coronary infarction patients. 
It is therefore no wonder that everyone is interested in 
these versatile cells. 


It is already possible to breed specific cell types with 
embryonic and tissue stem cells in a nutrient solution. 
For example, attempts have been made to breed islets of 
Langerhans in the pancreas from embryonic stem cells. 
Instead of injecting insulin, diabetics could be treated 


with new insulin-forming cells resulting from deposits of 
stem cells under the skin. 


Tissue stem cells (adult stem cells) have a lower 
development potential than embryonic stem cells. 
Their ability to multiply and their life span are limited. 
However, adult stem cells have been successfully iso- 
lated from the brain and neurons have been grown from 
them in cell cultures. With injuries to the spinal cord in 
rats and mice, neurons produced from stem cells have 
been injected to improve nerve function. 


Embryonic stem cells also have some disadvan- 
tages. There are ethical problems in harvesting them 
because embryos must be used for this. Recipients may 
also suffer a rejection reaction and malignant growth 
can occur. This is not a problem with adult stem 
cells or tissue stem cells. They can be taken from the 
patient and safely reintroduced later without fear of re- 
jection. However, they still bear the patient's congenital 
or inherited defects. There are no ethical objections to 
these and they can be extracted from a bone marrow 
puncture. 


The blood from the placenta or the umbilical cord is 
also rich in stem cells. There are companies today that 
offer reliable deep freezing of the blood from the umbil- 
ical cord for a lengthy period of time so that it may be 
used if the donor should ever require it. These stem cells 
can only be returned to the donor. Embryonic stem cells, 
on the other hand, are universal. 


There are four ways of harvesting embryonic stem 
cells: 


* From "surplus" embryos as a result of artificial insemina- 
ion. There are hundreds of thousands of cases of artificial 
insemination all over the world. 


e From aborted or spontaneously aborted embryos or fetuses; 
hese are fetal stem cells. 


e Through “therapeutic cloning,” transfer of a cell nucleus 
into an enucleated embryo; this is how Dolly the cloned 
sheep was made. 


e Recently, US scientists have reported the harvesting of 
stem cells from amniotic fluid. 


Any cloning of human embryos or the harvesting of 
stem cells from them is forbidden in Germany. In Great 
Britain and South Korea, therapeutic cloning is ex- 
pressly allowed. In 2009, US President Barack Obama 
signed an Executive Order that reversed his predecessor 
George W. Bush’s regulations on stem cell research. 
National funding for embryonic stem cell research, 
which had been drastically curtailed under Bush, is now 
back in place. 


Japanese stem cell researcher Shinya Yamanaka 
(b. 1962) announced in 2008 that he and his colleagues 
at the University of Kyoto succeeded in reprograming 


Box 9.5 The Expert's View: 

James W. Larrick About the Search 
for *Magic Bullets." Is it Over? 
Antibodies Versus Small Molecule 
Chemical Pharmaceuticals 


The past century has witnessed the 
development of a large pharmaceutical industry 
with an appetite for new “pills,” the so-called 
“magic bullets” promising to cure our ills. 


Recently, “biopharmaceutical bullets” such as 
recombinant proteins and antibodies, RNA- 
and DNA-based therapies, and the so-called 
“regenerative medicines” using cellular 
therapies have shown promise. What is the 
future of this search for magic bullets and the 
pot of gold they promise to provide at the end 
of the pharmaceutical rainbow? 


“Polypharmacy” 


The history of pharmaceutical use began long 
ago among our tribal forefathers, who lived lives 
not dissimilar from the Waorani Indians native 
to the headwaters of the Amazon River in the 
trackless rain forests of Eastern Ecuador. Around 
600 individuals call themselves Waorani, living 
their lives as hunter-horticulturalists in groups of 
30—50 people, probably like our ancestors over 
the past 10,000 generations. I spent several 
months with these people, was adopted by 
them, and was able to study the ways in which 
they use pharmaceuticals from nature. Until 
recently, the group fiercely defended an area of 
some 20,000 km by spearing all foreigners who 
entered their territory, a long way away from 
Jean-Jacques Rousseau's (1712-1778) cliché 
of the "noble savage"! 


Over the past millennia, modern human groups 
like the Waorani used trial and error to find 
small molecule "pharmaceuticals" adapted for 
healing purposes and other beneficial uses. 


Drug therapy began as “polypharmacy”: 
the Waorani's and better-developed 
pharmacopeias such as those from China and 
India are usually mixtures of extracts from 
many sources: minerals, plants, animals, fungi, 
etc. The active substance is seldom known 

in detail. We observed in action in the jungle 
one of the most exciting examples: blowgun 
dart poison. The Waorani prepare a mixture 
of perhaps 50 plants for application to the 

tips of their blowgun darts. Blowguns permit 
the Indians to hunt the rain forest canopy for 
woolly monkey (and other primates), which 
form a major part of their diet. Western 
medical science has identified curare 
(Strychnos toxifera) as the active substance in 
the lethal mixture. Derivatives of curare are 
widely used in modern hospitals to “paralyze” 
patients for various surgical procedures. 
However, among the Waorani, this 
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Avastin Anti-VEGF 


Atorvastatin 
Sortis, Lipitor 


Avastin (Anti-VEGF, monoclonal antibody 
against vascular endothelial growth factor) 
stops solid tumor growth. Atorvastin (Lipitor), 
a cholesterol-lowering drug made by Pfizer, is 
the largest-selling pharmaceutical in history, 
surpassing Pfizer' s other wonder drug, Viagra. 


The author with his Waorani friend Kampati. 
Kampati is preparing the curare mixture (left). 
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NOEIT DEUTSCHE MARK 


Paul Ehrlich on the old 200 DM German 
banknote. 


Curare: the plant Strychnos toxifera and the 
structure of turbocurarine. 


"pharmaceutical product" may "contribute" to 
a third or more of the tribe's calories. 


Paul Ehrlich's Magic Bullets 


In the late 19th century, the German 
microbiologist Paul Ehrlich (1854-1915) 
first argued that certain “chemoreceptors” 
on parasites, microorganisms, and 

cancer cells would differ from analogous 
structures in host tissues. He believed 

that these differences could be exploited 
therapeutically to make *magic bullets" 
(see Section 5.15). From this concept 
grew the idea of small molecule chemical 
therapeutics, the basis of the modern 
pharmaceutical industries, which accounts 
for perhaps 2% of global economic activity! 
In the late 19th century, German dye 
companies such as Bayer and Hoechst 
pioneered the first rationally sought 
small organic drugs, each directed to 

a specific pharmacological target and 
confirmed by biological or animal screening 
assays. 


A rival of Ehrlich's, also German, Emil von 
Behring (1854-1917) won the first Nobel prize 
for his demonstration of passive immunotherapy 
using specific antisera obtained from immunized 
animals. While quite promising, this alternative 
approach to obtaining “magic bullets" was limited 
by serum sickness, the immune response of an 
individual to the administered antibodies, and fell 
into disuse. 


A renaissance in antibodies and other protein 
therapeutics had to wait for the development 
of recombinant DNA technology and 
human monoclonal antibody technology 
over the past 25 years. These novel therapies 
are expensive, often require parenteral 
administration, and presently account for only 
about 10%—15% of pharmaceutical revenue. 
Although worldwide sales of therapeutic and 
diagnostic imaging antibodies have experienced 
logarithmic growth, presently they represent 
only 2.576 of worldwide pharmaceutical sales. 
Although most pharmaceuticals continue to 

be small organic molecules consumed in the 
form of a pill, sales of biopharmaceuticals are 
growing at twice the rate of conventional 
pharmaceuticals! 


Within the past 60 years, pharmaceuticals 
have become a most profitable industry, 
outperforming the oil and gas industries. 
This has been driven, at least in part, by the 
development of the so-called “blockbuster” 
drugs, highly profitable “magic bullets” 
with annual sales of >$1 billion. Will the 
pharmaceutical industry be able to identify 
more “blockbuster magic bullets” in the years 
ahead or is the ecology of this “resource” 
limited like oil and gas? 
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The Universe of Drug Targets 


A survey of the roughly 21,000 US FDA 
registered drug products found less than 
1200 novel molecular entities (NMEs). These 
were remarkably few unique molecular 
pharmaceutical drugs: only 324 for approved 
drugs! Among these targets, only 266 were 
human molecules with the remaining 

being found in pathogens. Considering the 
complexity of human physiology, this is 
remarkably few! 


Despite the huge investments (>$30 billion 
annually), on average, only five new targets 
have been identified each year since the 1980s. 


Is the pharma industry going to run out of 
drug targets? How big is the “universe” of 
chemical drug targets? 


New therapeutic targets from the 
Human Genome Project? 


The completion of the human genome project 
revealed 20,000-25,000 protein-coding 
genes, far fewer than originally predicted 
given the complexity of human beings. 

Based on the structures of currently known 
drug targets, bioinformatics methods have 
estimated that perhaps 8%-10% of these 
genes could encode “druggable” protein 
targets, i.e., a protein having a crevice 

that can bind a small organic molecule. 
Although perhaps 10%-20% of proteins are 
still functionally unclassified, there are no 
undiscovered large protein families. Any 
remaining novel protein targets are likely to 
be members of very small families. Although 
posttranslational modifications and assembly 
of functional complexes may increase the 
target number, the basic protein folds are well 
known among druggable targets: the majority 
of targets are G protein-coupled receptors 
(GPCRs) or ion channels. 


The metabolome: Source of new 
leads? 


Most drugs compete against small molecules 
for binding sites on proteins or enzymes, 
i.e., statins inhibit HMG-CoA reductase 
and bronchodilators bind B-adrenergic 
receptors. The number of binding sites is 
proportional to the function of the size 
of the “metabolome,” i.e., the total set 
of small molecules in an organism. One 
route to novel target discovery might 

lie in identifying enzymes and receptors 
from metabolomic profiling. By contrast, 
the “druggability” of targets identified 
by proteomic or transcription profiling is 
likely to be low because protein folds are 
conserved. 


Unfortunately, “druggable” does not 
equal drug targets! 


Protein binding of small molecules with the 
appropriate chemical properties at the required 
binding affinity might make it druggable, but 
does not necessarily make it a potential drug 
target. That “honor” belongs only to proteins 
that are also linked to a target disease and can 
somehow modify that disease! 


It is not likely that a large number of specific 
drug-binding sites will be discovered because 
of the conservation of protein folds and the 
modular nature of proteins. The McKusick 
Genetic Disease Database lists 1620 proteins 
directly linked to the pathogenesis of disease, 
yet only 105 are drug targets! 


Thus, many “targets” are “associated” with 
certain diseases: leptin or leptin receptor with 
obesity, LDL receptors with atherosclerosis, 
complement receptors with inflammation, 
erleukin-4 (IL-4) with allergic diseases. But 
this does not mean that they represent suitable 
ervention targets for new drugs! 
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Various bioinformatics analyses suggest that 
the “universe” of drug targets may be 
twofold to threefold that presently known, 
with a ceiling of 1500. 


Why then is the number of drug targets so 
small? Perhaps biological structures such as 
proteins have been selected with an innate 
“protection” against external chemicals, 
especially against small molecules? Since 
Ehrlich’s time, many magic bullets have 
been identified, characterized, and utilized 
for pharmacotherapy. The fact that the 
numbers are limited may suggest that only a 
limited fraction of biological responses can be 
manipulated so simply! 


Can the low frequency of “druggable 
sites” be overcome by novel 
biopharmaceutical technologies such 
as antibodies? 


Perhaps. We expect that the “Epitope 
Universe,” i.e., sites available for antibody 
binding, is likely to be bigger than the 
“Druggable Universe.” Novel targets from 
genomics, proteomics, transcriptomics, etc. 
will show up that are uniquely approachable 
by the newer technologies. What about 
redundancy of antibody targets versus targets 
of small chemical molecules? 


Until now, there are ONLY nine targets 
modulated by BOTH antibodies and small 
organic molecules. Take as a successful 
example the Epidermal Growth Factor- 
Receptor (EGF-R). The recombinant 
antibodies cetuximab and panitumumab 
target the extracellular domain of the 
receptor to modulate tumor cell growth. 
Small chemical drugs, gefitinib and 
erlotinib, target the adenine portion of the 
ATP-binding site of the cytosolic catalytic 
kinase domain. 


Antibody drugs to the rescue? 


There are quite a large number of questions 
o be answered: What is the size of the 
“antibodiable” genome, proteome? What 
is the “universe of epitopes”? How many 

of these are associated with disease? What 
fraction can serve as a lever to control 

the disease? Can antibodies penetrate the 
“chemical invasion” barrier? 


Five Prime Inc., a San Francisco-based 
pharmaceutical company, created perhaps 

the world’s largest cDNA library database 

of > 280,000 full-length cDNA clones from 

> 200 tissues. Bioinformatics methods 
identified around 2500 genes for secreted and 
around 5000 genes for membrane proteins, 
giving perhaps 7500 potential antibody 
argets. 


Worldwide Sales of Therapeutic and 
Diagnostic Imaging Antibodies 


$ Millions 


E Therapeutic 
|. Diagnostic imaging 


Therapeutic antibodies have log growth, 
represent ~2.5% of worldwide pharma sales 


Drug targets 


Human genome 
730,000 


Druggable 
genome 
73000 


Drug targets 
7600-1500 
2-3x current #? 


How large is the protein-bindable 
genome? 


Surface & 
soluble 
molecules 


“Druggable” 
antibody targets are more 


frequent 


Disease- 
associated 


MYOCARDIAL INFARCTION, CANCER, AND STEM CELLS 


Are monoclonal antibodies best 
for inhibiting protein-protein 
interactions? 


Immunoglobulin E (IgE), vascular 
endothelial growth factor (VEGF), 
interleukin-2 and IL-5, or their respective 
receptors, may represent very attractive 
drug targets in the case of allergies, cancer, 
autoimmune diseases, or asthma. Traditional 
small-molecule drug discovery has largely 
failed with these types of targets. However, 
protein-protein interfaces have “hot spots,” 
small regions that are critical to binding. 
They are the same size as small molecules. 
Targeting “hot spots” with small molecules 
may block protein-protein interactions. One 
such example is the development of VLA4 
(Very late antigen 4, VLA4) inhibitors by 
Biogen-IDEC and Merck. 


The diversity of antibody therapy versus 
drug therapy is huge. The number of 
targets approachable with antibodies 
may challenge the metabolome. One can 
assume that each protein touches 4—5 
others, providing many points of attack. 
Developments of antibody fragments and 
intrabody gene therapy make complex 
cytoplasmic targets approachable. 


Unlike small molecules, antibodies can be 
designed with diverse effector functions. 


Antibodies can vary in size, affinity, or 
isotype, e.g., secretory IgA for topical or 
enteric use. Antibody catalysis, conjugates, 
and enzyme fusions are possible. Thus, it 
is no surprise that we observe a growth of 
monoclonal antibody technology and 
products, with more than 250 antibody- 
based products in clinical trials. 


Can polypharmacy and 
polypharmacology replace 
blockbuster monopharmacy? 


The traditional pharmacopeias are on 

to something. In the next generation, 
polypharmacy and polypharmacology will 
give optimal clinical benefits by combined 
use of different drugs/pharmacophores. 
Polypharmacy, the combination of more than 
one drug—each with a different mechanism 
or complementary toxicity—once used 
primarily in cancer chemotherapy, will find 
use throughout medicine. 


Polypharmacology seeks to identify a single 
drug to bind and modulate multiple 
targets. The clinical effects are mediated 
by a set of targets. Multikinase inhibitors 
Sorafenib/Sunitinib are one example, 

with activity versus RAF-kinase (and other 
kinases). 


The Global Pharma “Food” Pyramid 


Big Pharma - Multinationals 


Patents 


Biotech 
Start-ups, 
Spin-outs,etc. 


1 Academic 
MARKET Y Research ACCESS 


Natural 
“Food” Pyramid 


ә 
ул 


The changing ECOLOGY of the 
pharmaceutical industry 


The 1990s have been characterized as the 
"tools decade": there was a revolution in 
genomics, proteomics, transcriptomics, etc. 
Reforms of the early Clinton administration 
(1993-1995) downgraded me-too products. 
Only novel drugs were considered worth 
pursuing, and the definition of novelty 
became stricter. The explosion in available 
novel biotech tools increased research 
productivity. 


However, new discovery tools have not 
increased the successful identification 

and development of magic bullets by the 
pharma industry, and product pipelines are 
being challenged by generic versions of 
blockbusters. Expiration of critical patents 
has further aggravated the monopolies 
once enjoyed by these highly profitable 
companies. 


One result of this changing landscape has 
been a remarkable consolidation of the 
industry with megamergers and acquisitions. 
The largest companies have become 
multinational marketing organizations that 
are “branding” drugs, e.g., Lipitor by Pfizer, 
to protect the market share. These companies 
now often buy “content” from smaller 
companies and research organizations. 
There are huge problems with this 
unhealthy “dinosaur ecology.” It is 
characterized by a loss in diversity and a loss 
in creativity. Drug discovery is in jeopardy. 
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The indicators for a grave crisis are 
clearly visible: 

e Low productivity 

e Management—top down 

e Conformity 

e Research “managers” not leaders 

e Blockbuster mania 

e Merger mania 

e Shareholder pressure 

e Shift from R&D to marketing 

The Big Pharma industry has made 
numerous misjudgments in the last few years. 


Drugs once declared “orphans” are now 
“mainstream.” 


Technology drives 
human interactions full circle 


Tribal village 


Kingdoms,etc. 


Neotribalism: 
* Personalized 
* Polypharmacy 


Nationalism 


Global village ч -—" 


After this, should we trust the Big Pharma 
industry to choose the right way forward? 


..and the future? “Tribalized 
Medicine?” 


Another challenge to “blockbuster mania” 
is the so-called personalized (tribalized?) 
medicine. 


New therapeutics are being associated with 
diagnostics. Think Trastuzumab (Herceptin), 
Genentech’s antibody therapy for breast 
cancer that is only administered to women 
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who have been shown to have a 
tumor positive for the HER-2/neu 
oncoprotein. 


In fact, biomarker diagnostics are growing 
faster than drug discovery. Increasingly, 
therapeutics will be targeted for specific 
conditions and patient populations; does 
this signify the end of the blockbuster? 
Biomarker diagnostics will be used for 
screening and monitoring. Biological/ 
antibody therapeutics will be more 
common. Individualized regenerative and 
stem cell medicines will be increasingly 
applied. 


How to capitalize on these 
trends? 


e Develop technologies that facilitate 
complex disease analysis. 


e Create biomarker discovery applications. 


e Develop easy-to-use products for 
deployment in diagnostic settings. 


e Market solutions for the production and 
testing of biologics. 


The age of the “Internet 
Shaman”? 


The 21st century is characterized by 
complexity, isolation, alienation, and an 
aging global population. Pharmaceuticals 

will be increasingly used to address the 
medical problems associated with aging and 
alienation. Internet-driven global connectivity 
will drive the market. 


Who will pay for new drugs—the 
government or the consumer? 
Pharmaceuticals are being branded 

and “consumerized”: designer drugs, 
nutriceuticals, cosmeceuticals, and 
regenerative medicine. In fact, the 
Internet already has a “tribal structure”: 
many individuals find their “virtual tribe” 
on the net with personal treatments or 
therapies administered “in silico” by 

one or more blogging “Shamen” from their 
tribe! 


When reflecting upon my personal experience 
in the rain forests of South America with the 
Waorani Indians, I believe that, good or bad, 
the age of the “Hightech Internet Shaman” is 
coming... 


Back to the Future! 


Jim Larrick is a Founder and Head of 
Panorama Research Institute in Silicon 
Valley, United States. As an active 
biomedical entrepreneur, he founded 

> 15 biopharmaceutical companies. He 
has contributed to an improvement of 
world health, having organized biomedical 
research and service expeditions to Nepal, 
Papua New Guinea, China, Ecuador, Peru, 
Ghana, etc. 


Thanks for your encouragement and 
data, Jim!—The authors 


Box 9.6 Even Bacteria Age 


Theoretically, bacteria neither age nor die. A 
single E. colicell can produce two identical 
copies in 20 min, and these copies are able to 
continue dividing in their turn for an unlimited 


number of times. 


However, we no longer need 


to feel jealous of bacteria. Some years ago, 


researchers at the 
Basel found evide 


Biocenter of the University of 
nce of the first bacteria to age. 


Bacteria are prokaryotes, the simplest form 

of life, and do not have true cell nuclei. They 
are assumed to be immortal as long as they 
are sufficiently nourished and are not exposed 
to damage from environmental influences. AII 
higher cells, on the other hand, (eukaryotes) 
appear to have a “use-by” date. They fulfill 
their task and divide a few times before 
beginning to age and finally die. Their 
telomeres, special ends on the chromosomes, 
become shorter with each division. 


A prerequisite for aging in bacteria is 
asymmetrical cell division, where the 

two cells resulting from division are not 
completely identical. This was observed with 
the bacterium Caulobacter crescentus, which 
occurs in streams where there is a low level 
of nutrients. There are two versions of this 
organism: the “swarmer,” which is flagellated 
and motile but not capable of reproduction, 
and the nonmotile stalk cell, which is able 

to reproduce. All swarmer cells eventually 
change into stalk cells, attach to a suitable 
site, and begin to form swarmer cells again. 
Experiments have shown that the ability of 
the stalk cells to reproduce was significantly 
reduced over a period of about 2 weeks. 


Up to 130 offspring were produced, but these 
did not divide uniformly over the 2 weeks. 
Some of the stalk cells had stopped forming 
swarmer cells by the end of the tests, while 
others only divided sporadically. It was assumed 
that the Caulobacter that was examined did 


Fig. 9.22 Human stem cells. 
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not in any way represent a curiosity in the 
world of bacteria. What happens, though, with 
symmetrical cell division? 


The bowel bacterium Escherichia coli has long 
been known to divide completely symmetrically. 
Did this continuous division make it immortal? 
Like most bacteria, it is constricted in the 
middle to produce two equally sized cell halves. 
Each new half is then newly synthesized. Each 
cell consists of an old cell pole inherited from its 
predecessor and a new pole. 


Eric Stewart of the French Medical Research 
Institute in Paris, INSERM, and his colleagues 
followed the fates of dividing bacterial cells 
depending on the age of their cell poles. 
In order to do this, they marked individual 
Е. coli cells with a fluorescent colorant 
and observed the growth of colonies using 

an automatic time-lapse microscope. The 
subsequent evaluation of more than 35,000 
cells showed that the bacteria with the oldest 
cell poles (shown in red in the photo) had 

a lower rate of growth and separation than 
those with newly synthesized cell halves. 


In the opinion of the researchers, signs of 
aging appear in all organisms. Even bacteria 
are therefore not immortal. 


Fig. 9.23 Right: Stem cell therapy for coronary 
infarction (in mice). Left: Bacteria get old too! 


Coronary infarction of female 
mouse induces damage to the 
left ventricle 


| 


Obtaining stem cells 


Bone marrow cells 
From adult male mouse 


Stem cells isolated from 
bone marrow cells 


Injection 
3-4 hours after 
a heart attack 


1-2 weeks later: 
The injected stem cells 


have regenerated the heart ventricle 
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T cells 


Acquiring ADA deficiency 
cells from a SCID patient 


| cells 


Cell culture 


The cells are infected 
with retrovirus that 
transports the correct ADA gene 


Genetically 
deactivated 


ACD 


retrovirus z 


Bacterium with 
plasmid and 
cloned normal DNA 


T cells containing 
the ADA gene 


eS 
Reinfusion of the T cells 
containing the ADA gene 


Fig. 9.24 How gene therapy is 
carried out for ADA deficiency. 


Fig. 9.25 Ashanti DeSilva 
(1986), the first little patient 
who had a successful gene 
transfer. 
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adult human cells so that they have the potential of em- 
bryonic stem cells. However, efficiency was rather low. 


Out of 50,000 epidermal cells, only 10 induced plu- 
ripotent stem cells arose. Scientists were still able to 
show that cells such as neurons or myocardial cells can 
be derived from stem cells thus generated. 


Furthermore, they could demonstrate that it is possible 
to generate pluripotent cells from other somatic 
cells. Yamanaka won the Nobel in 2012, together with 
Sir John B. Gurdon (b. 1933). 


E 9.14 Gene Therapy 


George Edward Brown, (1920-1999), Chairman 
of the Scientific Committee in the US House of 
Representatives, stated that the history of little 
Ashanti De Silva (b. 1986) (Fig. 9.25) is living proof 
that miracles can still happen. She appeared before 
the Committee in September 1995 to much media 
attention. As a 2-year old, she had received the first 
gene therapy in history on September 14, 1990. She 
suffered from extreme immune deficiency and had to 
grow up in sterile rooms in a hospital, a so-called “bub- 
ble baby." A simple influenza infection could have 
killed her. She was missing one single gene and she 
was a carrier of ADA (adenosine deaminase) syn- 
drome. White blood cells need ADA protein to grow 
and divide. Without this gene product, most of a pa- 
tient's immune system fails. The disease can be treated 
with the administration of ADA, although there are 
only about 100 patients worldwide, so the treatment 
is extremely expensive and amounts to about 40,000 
US dollars per month. 


In an ex vivo (outside the body) experiment, Ashanti was 
given a transfusion of her own T-Iymphocytes into 
which the intact ADA gene had been transferred before- 
hand (Fig. 9.24). The result was sensational, as the pa- 
tient was able to leave hospital soon afterward and finally 
went to school as normal. About one half of her blood 
corpuscles contained the new ADA gene, so this was a 
super start for gene therapy (Figs. 9.26 and 9.27). 


However, we are still miles away from a standard treat- 
ment for this rare disease. ADA was a comparatively easy 
case, as one defective gene just had to be replaced by 
its natural variation. 


With other diseases such as cancer, multiple missing and 
mutated genes have to be replaced. Cancer occurs in 
a process of many stages with multiple mutated 
genes, and all affected genes are altered and silenced 


in the end, a result of a combination of unlucky "coinci- 
dences" or “DNA accidents." 


There are also hereditary (genetic) predispositions to 
some cancers. 


Napoleon (1769—1821) died, like his father, his grand- 
father, and his four sisters and one brother from gastric 
cancer. 


Some breast cancers are also known to be hereditary. 
Mutations or deletions in the genes бгса/ and brca2 are 
responsible for this. 


E 9.15 The Junk Yields Its Treasures: 
RNAi, RNA Interference 


Besides functional genomic or proteomic research (see 
Chapter 10), another technology took the bioscience 
market by storm—RNA interference. For the first 
time, individual genes could be switched off in a highly 
effective manner and more quickly than with any other 
procedure. This does not disturb protein formation by 
neighboring genes. For the first time, it was possible to 
determine the functions of genes by silencing them in a 
high-throughput manner and to derive economic bene- 
fits from the DNA sequences discovered in the genome 
project (see Chapter 10). 


According to expert estimates, RNAi technologies 
are about 8076 cheaper than the creation of so-called 
knockout mice (see Chapter 8), which have previ- 
ously been used for discovering gene function. Also 
a welcome development from an animal welfare 
perspective! 


Every gene can be examined with the help of RNAi 
technology, which means that RNAi opens completely 
new perspectives for postgenomic research. However, 
RNAi also shows all the key properties one would ex- 
pect from a sequence-specific therapy. RNAi technology 
is used to examine the genotype of model organisms 
and humans for new targets for drugs, which are then 
validated and sold to the pharmaceutical industry. 


It, however, took some patience. Approval of the very 
first active substance was given only in 2018. The 
foundation for this was laid in 1998 by Andrew Fire 
(b. 1959) and Craig Mello (b. 1960) (see Fig. 9.27) 
with research work on the nematode Caenorhabditis 
elegans. For the first time, they described a new tech- 
nology that enables the prevention of the formation of 
certain proteins in living cells with the help of a few 


1 GENE BLOCKADE 

Suppressor genes can sometimes prevent 

the development of a tumor. 

The gene can be infiltrated with a virus as vector. 


Human 
suppressor gene 


YDAN 


Recombined 
aretrovirus 


2 STEM CELL THERAPY 

Some retroviruses can carry the correct 

gene into the stem cells of the bone marrow. 

All cells that develop from these stem cells 

possess the newly incorporated gene. 

Example: ADA deficiency 

Bone 

marrow puncture 


Correct gene 


SIRI 


E 


diu 


Retrovirus 
as vector 


сыы; 


Fig. 9.26 Possibilities for gene therapy. 


double-stranded RNA molecules (dsRNA). Fire and 
Mello were awarded the Nobel Prize in 2006. 


One strand of the dsRNAs needs to carry the same se- 
quence as the gene encoding the protein that is to be si- 
lenced. The dsRNAs do not prevent the gene from being 
read but switch on the cell’s own mechanism that de- 
stroys the mRNA read from the gene. It thus prevents the 
production of the relevant protein (Posttranscriptional 
Gene Silencing, PTGS). 


Targeted mRNA breakdown is triggered by a ribonucle- 
ase enzyme called Dicer, which cleaves double-stranded 
RNA (dsRNA) into short double-stranded fragments 
of 21-23 nucleotides. One of the two strands of each 
fragment (the guide strand) is then incorporated into 
the RNA-induced silencing complex (RISC) and base 
pairs with complementary sequences. The most well- 
studied outcome of this recognition event is a form of 
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GENE TRANSFER VIAA 
RECEPTOR 


3 GENE TRANSFER VIA A RECEPTOR 

The new gene can be coupled to a molecule 
that binds with the receptors of certain cells. 
The gene reaches its destination via these 
receptor cells. 


SARK 


At the receptor-coupled gene 


4 GENE INJECTION 

By injecting the gene of a disease pathogen, 
the cell defense reaction against the disease 
concerned is activated. 

Examples: AIDS and hepatitis. 


(4) = Human 
blood cells 


DNA from 
the disease pathogen 


WIPO 


Disease 
pathogen 


5 GENE DRUGS 

New genes can be injected 
directly into the diseased 
organ where they are taken 

up by the cells. 

Example: 

Duchenne muscular dystrophy 


— 
- 
2— 


Human gene 
coupled to a carrier 


Fig. 9.27 The Nobel Prize 

for Physiology or Medicine 
went to researchers Andrew 
Z. Fire and Craig C. Mello in 
2006. Their experiments led 
to the discovery of RNAi in 
the nematode Caenorhabditis 
elegans. 


posttranscriptional gene silencing. This occurs when 
the guide strand base pairs with a messenger RNA 
(mRNA) molecule and induces degradation of the 
mRNA by "Argonaute," the catalytic component of the 
RISC complex. The short RNA fragments are known as 
small interfering RNA (siRNA) when they derive from 


Eliminate the breast cancer 
gene? 


A woman in London hit the 
headlines when, after a three- 
generation family history of 
breast cancer, she decided not 
to pass on the culprit gene to 
her daughter. Through in vitro 
fertilization, the worried parents 
had 11 embryos that were tested 
forthe gene at the University 
College Hospital. The technique 
is known as preimplantation 
genetic diagnosis (PGD). Two 
ofthe embryos were deemed 
to be free of the gene and were 
implanted into the mother's 
uterus. The baby girl was born 
in January 2009 and will, in all 
probability, not develop breast 
cancer. Preselecting embryos 
before implantation is a hotly 
debated issue. Critics are 
worried that the technique will 
be misused for the creation of 
designer babies. PGD is illegal 
in Germany, but in Europe it is 
easy to cross borders. 


Perhaps it is time to quote 
a wise man whose ideas are 
Seeing a renaissance just now: 


"Capital abhors the absence 

of profit or very small profit as 
nature abhors a vacuum. With 
adequate profit, capital is very 
bold. A certain 1096 will ensure 
its employment anywhere; 2096 
certain will produce eagerness; 
5096, positive audacity; 10096 
will make it ready to trample on 
all human laws; 300%, and there 
is not a crime at which it will 
scruple, nor a risk it will not run, 
even to the chance of its owner 
being hanged. If turbulence and 
strife will bring a profit, it will 
freely encourage both." 


Karl Marx, Das Kapital, 
quoting English trade unionist 
Thomas Dunning (1799-1873). 


My newborn grandson had PGD and 
embryo transfer - now they can be sure 
he hasn't gotten the vampire blood- 
sucking gene! 


Wait a minute, Drecule- 
didw’t you say he was 
to become 
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Box 9.7 The Expert’s View: 
Fetal Gene Therapy 


Most families are usually completely 
unprepared when they become affected 

by the diagnosis of a genetic disease. An 
increasing number of DNA-based genetic 
tests for the diagnosis of genetic diseases 
have been developed over the last 40 years. 
Such tests are normally carried out in families 
that already have one affected child and, if 
indicated, as prenatal analysis on an “at-risk” 
fetus. Some countries offer broader screening 
programs for certain genetic diseases that 
occur more frequently in their population, 
such as hemoglobinopathies, Tay-Sachs 
disease, or cystic fibrosis. 


Several of the many different genetic 
conditions are reasonably manageable by 
different forms of symptomatic treatment 
and support; however, there is still a serious 
unmet demand for new approaches for 
most of them. One more recently developed 
approach to this end is somatic gene 
therapy. Its strategy is persuasively simple: 
as the disease is caused by abnormal gene 
(DNA) expression, causal treatment should 
be possible by correcting this abnormal 
expression by using DNA or, more generally, 
nucleic acids as a therapeutic agent. 


ucleic acids with specific genetic 
information are administered as a “drug” 
and take effect in the treated organism by 
producing the therapeutic proteins, which 
they encode, or by acting as a regulator of 
gene expression. The efficacy and safety of 
the vector system that carries the foreign 
DNA into the target organism was and is 
the decisive factor for the speed of progress 
in gene therapy. Gene treatment for genetic 
diseases must be effective throughout life, 
either by repeated gene application or by use 
of a transfer system that enables a persistent 
therapeutic effect. 


Vectors of the retrovirus group are 
currently the best example for the latter as 
they can integrate into the host genome. 
After several initial disappointments and 
setbacks, they have been established as 
highly effective and safe vector systems 
for the treatment of severe hematological 
diseases, in particular immune deficiencies 
using ex vivo gene transfer into 
hematopoietic stem cells. 


Another now frequently used vector is the 
adeno-associated virus (AAV). Although 
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it is not a classical integrating vector, it can 
ensure long-term therapeutic gene expression, 
particularly in nondividing or slowly dividing 
tissues. The adeno-associated virus (AAV) 

has been successfully used in clinical trials 

for gene therapy of hemophilia B and retinal 
diseases. 


Alternatively, nonviral delivery systems 
usually consisting of peptides and/or 

lipids are used to complex, package, and 
transfer therapeutic nucleic acids (e.g., 
oligonucleotides and RNA) into cells, mostly 
for short-term therapeutic effects. 


Presently, most gene therapies rely on a 
gene addition strategy, i.e., a therapeutic 
gene sequence is added to the relevant 
cells of the affected individual without 
altering the affected endogenous genes in 
hese cells. More recently, a gene-editing 
strategy, which directly modifies a targeted 
DNA sequence of the endogenous genome, 
has been added to the arsenal of gene 
herapy approaches. 


But, even effective somatic gene therapy 
carried out later in life may often not 
emedy any irreversible organ damage that 
has already occurred before the therapeutic 
intervention. However, prenatal genetic 
tests make it now possible to find out 
already before birth, if a fetus is affected by 
a particular genetic disease. Many families 
have then chosen to avoid having an 
affected child by terminating the pregnancy 
and often have later been able to have 
healthy children after further pregnancies 
and prenatal testing. 


Now that postnatal gene therapy is being 
established for several monogenic diseases, 
what about treating an affected fetus already 
in utero? These considerations have led to the 
concept of in utero gene therapy (fetal or 
prenatal gene therapy). This approach could 
prevent the occurrence of early onset organ 
damage, enable better access to organs and 
cell systems (including rapidly expanding 
stem cell populations), and reduce the 
development of immune reactions against the 
therapeutic vector and protein. Ideally, this 
should make it possible to correct the relevant 
tissue stem cells and achieve a lifelong cure 
for the particular disease. 


Most importantly, this approach would offer 
families confronted with the diagnosis of an 
affected fetus and the difficult decision to 


terminate the pregnancy or commit to lifelong 
care for an affected child a third option—a 
treatment already in utero. 


Fetal gene therapy is of course not an 
alternative to postnatal treatment but the 
extension of this novel therapeutic concept to 
a preventive intervention, particularly in early 
onset conditions. 


Ultrasound picture of RR’ s student’ s son, Theo 
Alex Kwong (with the permission of Dr. Alex 
Kwong). 


Fetoscopic or ultrasound-supported in 
utero interventions (see illustrations) are 
an excellent basis for vector application in 
utero that can be targeted to virtually every 
organ that is relevant to gene therapy for 
genetic diseases. This has been developed 
over the last 20 years with various gene 
transfer vectors on different animal 

models (rats, mice, sheep, and Rhesus 
monkeys). 


The first therapeutically successful fetal 
gene transfer was carried out in 2003 

on rat fetuses by J. Seppen's group (the 
etherlands). They used the so-called Gunn 
rat, a naturally occurring model of the very 
rare human Crigler Najjar Type 1 syndrome 
CN 1). This disease is caused by mutations 

of the enzyme bilirubin UDP glucuronyl 
transferase, which is involved in the 
production of bilirubin. The mutations lead 

o toxic bilirubin levels in the blood and to 
severe brain damage due to the accumulation 
of bilirubin in the brain stem. Direct injection 
of a lentiviral vector (a retroviral vector type) 
into the liver of Gunn rat fetuses reduced the 
toxic bilirubin levels over a period of 1 year by 
about 45%. 


Permanent correction of a clotting factor 
disorder was achieved by our Imperial 
College group in a mouse model of 
hemophilia B (see also Section 9.4 in 


running text) by a single injection of a viral 
vector into the yolk sac blood vessels, which 
bring the vector to the liver where clotting 
factor IX is produced. This mouse strain 
does not have functioning factor IX protein, 
but after the animals were treated in utero, 
they had therapeutic levels of the transgenic 
factor IX in their blood throughout their 
lives. It is particularly important that no 
antibodies against the human factor IX 
protein were found in the in utero-treated 
animals. 


An international team led by Waddington 
and Rahim at University College London 
(UCL) has more recently used a mouse 
model of the relatively frequent M. Gaucher 
(lucocerebroside storage) disease to address 
prenatal gene therapy for severe, in-utero- 
onset neurological disease. After the in utero 
delivery of an AAV-glucosylceramidase vector, 
they could recently demonstrate a significant 
postnatal improvement in the pathology of the 
treated mice. 


With a view toward potential clinical 
application, we collaborated with C. Rodeck’s 
fetal medicine group at UCL to develop 
novel methods for the in utero delivery 

of gene-transfer vectors to various organ 
systems at different gestation times of sheep. 
Sheep are a good model for human fetal 
medicine. They have a gestation period of 
about 145 days with predominantly singleton 
pregnancies. They show good tolerance to 

in utero manipulation, and their anatomy 
allows the performance of procedures that 
can be used on the human fetus. Minimally 
invasive ultrasound-supported injection 

into the umbilical vein as developed on the 
fetal sheep was then applied to nonhuman 
primates in a collaborative project of 
scientists from the National University of 
Singapore (Mattar and Chan) and University 
College London (Nathwani and Waddington). 
Application of an AAV hFIX vector by this 
route led to the long-term stable postnatal 
gene transfer and expression of human FIX 
at therapeutic levels in the treated Rhesus 
monkeys. 


New approaches to the concept of a 

prenatal gene therapy are also evolving: for 
example, an international project led by A. 
David’s group at UCL is using a short-lived 
Adenovirus vector to deliver vascular 
growth factor (VGF) to the uterine arteries 

in animal models of fetal growth restriction 
with the aim to overcome this severe perinatal 
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condition by a temporary increase of the 
uterine blood-flow rate. 


And of course, gene editing is also finding 
its way into fetal gene therapy, namely, 
work by W. Peranteau’s group (Philadelphia 
Children’s Hospital) in different mouse 
models of human disease using AAV 

vector systems for in utero delivery of the 
espective corrective tools. CRISPR/cas was 
applied to modify pcsk9 for the treatment 
of hyperlipidemia, to correct hereditary 
tyrosinemia (2018), and to inactivate a lung- 
disease-causing surfactant mutant gene. 
Base editing was used for correction of the 
severe early onset storage disease Hurler 
Syndrome (2021). 


How far away from clinical application of 
prenatal gene therapy in human fetuses 
are these successful demonstrations in 
animal models? 


Despite the great preclinical progress so far, 
there is still some way to go. 


We must be reasonably sure that gene therapy 
will both prevent the disease and not cause 
additional damage. Fetal gene therapy will 
thus be subject to even stricter medical 
criteria and safety standards than most 
postnatal gene therapy applications; but, only 
during and after the first clinical applications 
will it become possible to uncover eventually 
still existing unknown risks and deal with 
arising complex ethical issues. 


In this context, it is important to bear in 
mind that termination of pregnancy offers a 
safe reproductive choice to avoid the birth 

of an affected child. Therefore, very careful 
consideration must also be given to the 
potential risks involved and the degree of 
correction, and therefore the improvement of 
expected quality of life that can be achieved 
with available prenatal gene therapy. One 

has also to bear in mind that the continuous 
improvement of postnatal genetic or drug 
therapies may reduce or eliminate the need 
or prenatal therapy in diseases with later 
onset pathology. A more urgent need will, 
however, remain for diseases with early onset 
disease already in utero. 


Fetal gene therapy carries several specific 
procedural risks, which are obviously 
different from those for postnatal 

gene therapy. As with most obstetrical 


interventions, such risks affect both the 
mother and the fetus, and the life and 
well-being of the mother, of course, takes 
precedence. These risks include infection, 
premature contractions, and miscarriage. 
Other frequently discussed risks include 
the possibilities of unintended germ-line 
transmission, developmental disorders, 
and oncogenesis (the development of 
cancer). 


Amniotic membrane 


Yolk sac vessel injection in fetal mouse. 


Exclusion of such risk factors may require 
careful fetal monitoring and long-term 
postnatal studies on in utero-treated animals, 
preferably primates, to exclude procedure- 
related adverse effects. 


Increased safety of gene-addition or 
gene-editing strategies may be achieved by 
gene-modifying autologous fetal stem 

cells ex vivo, e.g., on cells sampled by 

fetal liver biopsy after the third week of 
pregnancy. Such ex vivo treatment would 
allow the use of lower vector doses, prevent 
vector spread in the fetal or maternal 
organism, and permit ex vivo screening and 
selection of cells with “safe” integration sites 
or editing patterns, respectively. This would 
decrease the risk of oncogenesis and of 

“off targeting” effects. “Safe” cell clones 
would then be expanded ex vivo before 
reinfusion. 
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Healthy twins, a dream for Chinese families. 


One specific concern expressed in connection 
with gene therapy is the fear of germline 
modification and even the creation 

of “designer babies” with “desirable” 

physical and intellectual characteristics by 
gene therapy. This is usually based on a 
fundamental misunderstanding. Both post- 
and prenatal somatic gene therapy aim 
exclusively at the treatment of severe 
diseases in affected individuals for which 
no other effective treatment exists. 

They are not intended to achieve germline 
modification to treat future generations! 
Prenatal somatic gene therapy intends to 
prevent the development of severe genetic 
disease by early intervention in a precisely 
defined gene of an individual fetus. 


The inadvertent modification of germline 

cells during somatic gene therapy in a patient 
has a very low chance of occurring and to be 
passed on to further generations. Moreover, if 
such a rare modification occurred, it would be 
easily detected, due to its known sequence, 
by monitoring of the treated individual, and 
further transmission would be prevented, if 
deemed necessary. 


The reader should be reminded that intentional 
modification of the human germline will only 
become effective in the following generations. 
Such modification is presently neither medically 
necessary nor technically reliable and would be 
irresponsible and ethically not acceptable. It is, 
therefore, legally prohibited in most countries. 


However, it is foreseeable that with further 
advances in cell and molecular biology 

and an increasing understanding of the 
function of the human genome, together 
with further technical perfection, it will be 
become possible to modify human germline 
cells precisely and safely. It will then depend 
on real and urgent medical and/or societal 
requirements to justify the modification of the 
human germline. 
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This position of the international scientific 
community was clearly expressed as a 
result of the first International Summit on 
Human Genome Editing hosted by the 
US National Academy of Sciences and US 
National Academy of Medicine; the Royal 
Society; and the Chinese Academy of 
Sciences in 2015. 


However, in clear breach of this 
international agreement and of national 
Chinese regulations under which germline 
modification is prohibited, a Chinese 
scientist reported the application of gene 
editing to early human embryos, which 
resulted in the birth of germline-modified 
twins in 2018. The international community 
(Second International Summit, 2018) 
strongly denounced this experiment as 
deeply disturbing and irresponsible, as it 

is failing international norms, is medically 
inadequately indicated, poorly designed, and 
not complying with ethical standards. 


Further analysis of the data suggests that the 
inadequate technical performance puts the 
intended aim to protect the resulting babies 
against HIV in doubt and may even make 
them potentially vulnerable to off-target 
effects of the inaccurate procedure. 


Under what circumstances may parents, 
who are confronted with the diagnosis 
of a fetus with a severe genetic disease, 
choose in utero gene therapy instead 

of a termination of the pregnancy or 
acceptance of a sick child? 


Initially, probably only a few affected families 
will be prepared to choose this option, even 
if its safety and efficacy has been proven in 
animal trials. 


First clinical studies exploring the difficult 
path toward in utero therapies have been 
made over several years on a case-by-case 
basis using healthy allogeneic donor stem cell 
infusion for experimental treatment of severe 
early onset genetic diseases. Hematopoietic 
stem cell infusion has been applied, for 
instance, by T. MacKenzie and colleagues 

at the University of California, to prevent 
intrauterine death in the severe red blood 
cell disease alpha-thalassemia major (Hydrops 
fetalis) and Gótherstróm and Westgren 
(Karolinska University, Stockholm) have 
infused mesenchymal stem cells to prevent or 
reduce intrauterine bone fractures on fetuses 
with osteogenesis imperfecta (brittle bone 
disease). 


H. Schneider (University of Erlangen) has 
recently developed a novel in utero protein 
delivery therapy to treat the rare skin disease 
X-linked skin disease hypohidrotic ectodermal 
dysplasia (XLHED). This condition is caused 
by mutations in the ectodysplasin A1 protein 
(EDA1)that is required for sweat gland and 
tooth development in utero. FcEDA, a fusion 
protein consisting of EDA1 and the Fc-domain 
of IGgl, is delivered intra-amniotically. 
FcEDA can enter the fetal bloodstream from 
swallowed amniotic fluid via the Fc receptors 
of the fetal gut epithelia and then act on the 
relevant tissues during the critical window 

of fetal development. The procedure was 
performed on three affected fetuses as an 
experimental therapy with compassionate 

use after ethical approval. Based on the 
positive results in the treated children and a 
comprehensive multicenter phase II clinical 
study on the safety and immunogenicity of 
this procedure, an international clinical phase 
Ш trial to approve the novel treatment for this 
very rare and severe genetic disease has now 
been initiated. 


Scientists from several countries in Europe, 
the United States, and Asia working together 
on the development and clinical introduction 
of fetal therapies in The International Fetal 
Transplantation and Immunology Society 
(iFeTIS) have recently issued a Consensus 
Statement on Fetal and Maternal Safety 
Considerations for in utero therapy clinical 
trials. These guidelines aim "to define 

best practice and consider the key safety 
aspects of such clinical trials, including 
recommendations for patient monitoring 

and managing ethical dilemmas." These 
principles will certainly also apply to in utero 
gene replacement/modification therapy, 
once the time for its clinical application 
arrives. 


Charles Coutelle is an Emeritus Professor at 
Imperial College London. He previously worked 
for many years at the Central Institute of 
Molecular Biology, Academy of Sciences of the 
GDR (East Germany) in Berlin. 


Box 9.8 The Expert's View: 
Analytical Biotechnology Predicts 
Heart Risk and Diagnoses AMI 


Acute myocardial infarction (AMI), commonly 
known as a heart attack, is a disease state that 
occurs when the blood supply to a part of the 
heart is interrupted. It is a medical emergency 
and one of the leading causes of death all 
over the world. 


Classical symptoms of AMI include chest 
pain, shortness of breath, nausea, vomiting, 
palpitations, sweating, and anxiety or a feeling 
of impending doom. Patients frequently feel 
suddenly ill. However, approximately one- 
third of all myocardial infarctions are "silent," 
i.e., without chest pain or other symptoms. 


How can one tell that this is 
an AMI? 


Nowadays, a patient receives a 

number of diagnostic tests, such as an 
electrocardiogram (ECG) and blood tests 
to detect elevated creatine kinase or troponin 
levels. These are biomarkers that normally 
occur in cells but that are released by 
damaged tissues, especially the myocardium 
during periods of ischemia or necrosis. These 
two late markers appear in blood only 3-6h 
after the onset of symptoms. More recently, 

a new marker by the name of heart fatty 
acid-binding protein (H-FABP) has been 
discovered. This is a much smaller protein 
which is abundant in heart muscle, released 
after severe ischemia, and may be detected 
in the bloodstream as early as 1 h after the 
onset of symptoms. In patients with an AMI, 
the earlier that the condition is diagnosed 
and treated, the better. The amount of 
permanently damaged cardiac muscle is 
reduced, the heart is stronger, and the patient 
is less likely to die prematurely and less likely 
to have complications. H-FABP has great 
potential as a very early, sensitive marker for 
the early diagnosis of AMI (see Chapter 10). 


We have developed and tested a rapid and 
sensitive immunotest for the detection of 
H-FABP in blood samples. The combination 
of H-FABP with the later marker troponin 
makes an excellent combination for the early 
diagnosis of AMI. 


The Accident & Emergency Department 
of a hospital is the place where rapid tests are 
required to take quick decisions which may 
save lives and where such a test may be most 
useful. It can also be used in ambulances or 
even at home if patients wish to purchase 
their own personal test. 


In the case of AMI, the damage has been 
done already. But how can we predict an 
AMI? 
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INFLAMMATION 


Myeloperoxidase (MPO) Reactive Protein (CRP) 


The key term here is inflammation 

(from Latin, inflammatio, to set on fire). 
Inflammation is the complex biological 
response of vascular tissues to harmful stimuli 
(pathogens, damaged cells, or irritants). It is a 
protective attempt by the organism to remove 
the injurious stimuli as well as to initiate the 
healing process for the tissue. 


Inflammation is also a key component of heart 
disease. In the past, researchers believed that 
chronically inflamed blood vessels set the 
stage for atherosclerosis (hardening of the 
arteries). Inflamed patches become “sticky” 
and start collecting plaque in the heart vessel 
“pipe.” The pipe finally becomes clogged. 


US cardiologists Paul Ridker and Peter Libby 
reported a radical new approach: Plaques 
together with inflammation affect the arteries. 
Investigations begun more than 20 years ago 
have now demonstrated that arteries bear little 
resemblance to inanimate pipes. They contain 
living cells that communicate constantly with 
one another and their environment. These 
cells participate in the development and 
growth of atherosclerotic deposits which arise 
in, not on, vessel walls. Further, relatively 

few of the deposits expand so much that they 
shrink the bloodstream to a pinpoint. Most 
heart attacks and strokes stem instead from 
less obtrusive plaques that rupture suddenly, 
triggering the emergence of a blood clot or 
thrombus, which blocks blood flow. 


When tissues become inflamed, they release 
several different proteins, including C-reactive 
protein (CRP). CRP has the greatest amount 
of supportive data and the strongest evidence 
that its increase can allow us to predict risk 

at all levels of cholesterol and all levels of the 
Framingham Risk Score. After adjusting for 
other variables, such as age, smoking status, and 
diabetes, women with high levels of CRP were 


HEART ATTACK 


Fatty Acid-Binding Cardiac Troponin! Troponin 
Protein (FABP) 


(тм) complex 


twice as likely to develop future cardiovascular 
events as women with low CRP. Women with 
high CRP were more likely to develop a heart 
attack or stroke than those with high cholesterol. 
Combined, both cholesterol and CRP tests 
appear to be superior to the use of either alone. 
Many well-known risk factors for heart disease 
seem to raise the levels of CRP. According to 

a recent report, smoking, high blood pressure, 
extra weight, and lack of exercise are all 
associated with high CRP. Genes also seem to 
play a strong role. If your parents had high levels 
of CRP, there's a good chance you will too... 


We are working on a whole range of new 
rapid immunotests, not only for AMI, but 
also for new inflammation markers like CRP, 
neopterin, and myeloperoxidase (MPO). 


These tests can allow prediction of future 
cardiovascular events and may push YOU to 
change your lifestyle!! 


Dr. Cangel Pui Yee Chan was Research 
Director of R&C Biogenius Ltd. (Hong 
Kong, China) and was in my research 
group (RR). In October 2020, Tim Rainer 
was appointed as Clinical Professor of 
Emergency Medicine and Head of the 
Emergency Medicine Unit in the Li Ka 
Shing Faculty of Medicine at The University 
of Hong Kong. In February 2022, Tim was 
appointed as Head of the newly formed 
Department of Emergency Medicine. 
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Box 9.9 The Expert’s View: 
Pulitzer Prize winner Siddharta 
Mukherjee on the postgenome 
and a travel guide through a 
postgenomic world 


MD Siddharta Mukherjee, author of 

The Emperor of Maladies on cancer, has 
written a new bestseller The Gene. Here 
is an excerpt: 


The first “postgenomic” human might be on 
his or her way to being born. 


We need a manifesto-or at least a 
hitchhiker’s guide—for a postgenomic 
world. The historian Tony Judt 
(1948-2010) once told me that Albert 
Camus's novel Гле Plague was about the 
plague in the same sense that King Lear is 
about a king named Lear. In The Plague, 

a biological cataclysm becomes the 
testing ground for our fallibilities, 
desires, and ambitions. You cannot read 
The Plague except as a thinly disguised 
allegory of human nature. The genome is 
also a testing ground for our fallibilities and 
desires, although reading it does not require 
understanding allegories or metaphors. 
What we read and write into our genome is 
our fallibilities, desires, and ambitions. It is 
human nature. 


The task of writing that complete manifesto 
belongs to another generation, but perhaps 
we can scribe its opening salvos by recalling 
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the scientific, philosophical, and moral lessons 
of this history: 


1. A gene is the basic unit of hereditary 
information 


It carries the information needed to build, 
maintain, and repair organisms. 


THE 
EMPEROR 
e GENE OF ALL 


MALADIES 


SIDDHARTHA 


MUKHERJEE SIDDH 
рене MUKHE 


пни анвон OF аш maamoy 


Genes collaborate with other genes, with 
inputs from the environment, with triggers, 
and with random chance to produce the 
ultimate form and function of an organism. 


The famous Rosetta Stone is a fragment of a 
stone stela inscribed with three versions of a 
decree in Hieroglyphic, Demotic, and Ancient 
Greek. It helped Jean/Francois Champollion 
(1790-1832) to decipher the Hieroglyphs. 


2. The genetic code is universal 


A gene from a blue whale can be inserted 
into a microscopic bacterium and it will 

be deciphered accurately and with nearly 
perfect fidelity. A corollary: there is nothing 
particularly special about human genes. 


Jacques Monod (1954) “What is true of E. coli... 
is also true of an elephant.” 


3. Genes influence form, function, and 
fate, but these influences typically do not 
occur in a one-to-one manner 


Most human attributes are the consequence 
of more than one gene; many are the 

result of collaborations between genes, 
environments, and chance. Most of 
these interactions are nonsystematic—i.e., 
they occur through the intersection 
between a genome and fundamentally 
unpredictable events. And some genes 
tend to influence only propensities and 
tendencies. We can thus reliably predict the 
ultimate effect of a mutation or variation on 
an organism for only a minor subset of genes. 


4. Variations in genes contribute to variations 
in features, forms, and behaviors 


When we use the colloquial terms gene for 
blue eyes or gene for height, we are really 
referring to a variation (or allele) that specifies 
an eye color or height. 


Humans with blue eyes have a mutation that 
must have occurred 6000-10,000 years ago. 


These variations constitute an extremely 
minor portion of the genome. They are 
magnified in our imagination because of 
cultural, and possibly biological, tendencies 
that tend to amplify differences. A six-foot 
man from Denmark and a four-foot man from 
Demba share the same anatomy, physiology, 
and biochemistry. 
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Colonial governor, convinced of his own 
supremacy... 


Even the two most extreme human 
variants—male and female—share 99.688% 
of their genes. 


99.688% genetically identical. 


5. When we claim to find “genes for” 
certain human features or functions, it is 
by virtue of defining that feature narrowly 


It makes sense to define “genes for” blood 
type or “genes for” height since these 
biological attributes have intrinsically narrow 
definitions. But it is an old sin of biology to 
confuse the definition of a feature with 
the feature itself. If we define “beauty” as 


In Greek mythology, Narcissus is the beautiful 
son of river god Kephissos and Leiriope. He 
rejected being loved by others and fell in love 
with his own mirror image. 


MYOCARDIAL INFARCTION, CANCER, AND STEM CELLS 


having blue eyes (and only blue eyes), then 
we will, indeed, find a “gene for beauty.” If 
we define “intelligence” as the performance 
on only one kind of problem in only one kind 
of test, then we will, indeed, find a “gene 
for intelligence.” The genome is only a 
mirror for the breadth or narrowness 

of human imagination. It is Narcissus, 
reflected. 


б. It is nonsense to speak about “nature” or 
“nurture” in absolutes or abstracts 


Whether nature, i.e., the gene or 
nurture, i.e., the environment— 
dominates in the development of a feature or 
unction depends, acutely, on the individual 
eature and the context. 


Short Arm Sex-determining 
Centromere Region (SRY gene) 


This gene is 
found on the 

Y-Chromosome 
only 


Long Arm 


Y-Chromosome 


The SRY gene determines sexual anatomy 
and physiology in a strikingly autonomous 
manner; it is all nature. Gender identity, 
sexual preference, and the choice of sexual 
roles are determined by intersections of 
genes and environments—i.e., nature plus 
nurture. 


The manner in which “masculinity” 
versus “femininity” is enacted or 
perceived in a society, in contrast, is 
largely determined by an environment, 
social memory, history, and culture; this 
is all nurture. 


7. Every generation of humans will produce 
variants and mutants; it is an inextricable 
part of our biology 


A mutation is only “ab normal” in a statistical 
sense: it is the less common variant. The 
desire to homogenize and “normalize” 
humans must be counterbalanced against 
biological imperatives to maintain diversity 
and abnormalcy. Normalcy is the antithesis of 
evolution. 


8. Many human diseases—Including several 
illnesses previously thought to be related 
to diet, exposure, environment, and 
chance—Are powerfully influenced or 
caused by genes 


Most of these diseases are polygenic—i.e., 
influenced by multiple genes. These illnesses 
are heritable—i.e., caused by the intersection 
of a particular permutation of genes—but 
not easily inheritable—i.e., likely to be 
transmitted intact to the next generation, 
since the permutations of genes are remixed 
in each generation. Instances of each 
single-gene-monogenic-disease are rare, 
but, in sum, they turn out to be surprisingly 
common. More than ten thousand such 
diseases have been defined thus far. Between 
one in a hundred and one in two hundred 
children will be born with a monogenic 
disease. 


9. Every genetic “illness” is a mismatch 
between an organism 5 genome and its 
environment 


In some cases, the appropriate medical 
intervention to mitigate a disease might 

be to alter the environment to make 

it “fit” an organismal form (building 
alternative architectural realms for those 
with dwarfism; imagining alternative 
educational landscapes for children with 
autism). In other cases, conversely, it might 
mean changing genes to fit environments. 
In yet other cases, the match may be 


357 


| BIOTECHNOLOGY FOR BEGINNERS 


impossible to achieve: the severest forms 
of genetic illnesses, such as those caused 
by nonfunction of essential genes, are 
incompatible with all environments. It 
is a peculiar modern fallacy to imagine 
that the definitive solution to illness is to 
change nature, i.e., genes—when the 
environment is often more 

malleable. 


10. /n exceptional cases, the genetic 
incompatibility may be so deep that 
only extraordinary measures, such as 
genetic selection, or directed genetic 
interventions, are justified 


Until we understand the many unintended 
consequences of selecting genes and 
modifying genomes, it is safer to 
categorize such cases as exceptions rather 
than rules. 


11. There is nothing about genes or 
genomes that makes them inherently 
resistant to chemical and biological 
manipulation 


The standard notion that “most human 
features are the result of complex gene- 
environment interactions and most are the 
result of multiple genes” is absolutely true. 
But while these complexities constrain 

the ability to manipulate genes, they leave 
plenty of opportunity for potent forms 
of gene modification. Master regulators 
that affect dozens of genes are common in 
human biology. An epigenetic modifier 
may be designed to change the state of 
hundreds of genes with a single switch. 
The genome is replete with such nodes of 
intervention. 


= ( | 
y 


GENETIC MANIPULATION 


12. A triangle of considerations— 
extraordinary suffering, highly penetrant 


genotypes, and justifiable interventions— 


Has, thus far, constrained our attempts to 
intervene on humans 
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As we loosen the boundaries of this triangle 
(by changing the standards for “extraordinary 
suffering” or “justifiable interventions”), 

we need new biological, cultural, and 
social precepts to determine which 

genetic interventions may be permitted or 
constrained, and the circumstances in 
which these interventions become safe 
or permissible. 


13. History repeats itself, in part because the 
genome repeats itself. And the genome 
repeats itself, in part because history 
does. 


The impulses, ambitions, fantasies, and 
desires that drive human history 

are, at least in part, encoded in the 
human genome. And human history 
has, in turn, selected genomes that 
carry these impulses, ambitions, 
fantasies, and desires. This self- 
fulfilling circle of logic is responsible 
for some of the most magnificent and 
evocative qualities in our species, but 

also some of the most reprehensible. It is 
far too much to ask ourselves to escape 
the orbit of this logic, but recognizing its 
inherent circularity, and being skeptical of 
its overreach, might protect the weak 
from the will of the strong, and the 
“mutant” from being annihilated by 
the “normal.” 


Perhaps even that skepticism exists 
somewhere in our 21,000 genes. 
Perhaps the compassion that such 
skepticism enables is also encoded 
indelibly in the human genome. 


Perhaps it is part of what makes us 
human. 


Siddharta Mukherjee (b. 1970) is an Indian- 
American physician, oncologist, and author 
of the book The Emperor of All Maladies: 

A Biography of Cancer. He studied biology 
in Stanford, obtained a PhD in Oxford, and 
received his MD from Harvard University. He 
joined the New York—Presbyterian Hospital/ 
Columbia University Medical Center in 
New York City in 2009. As of 2018, he is 

an Associate Professor of Medicine in the 
Division of Hematology and Oncology. The 
Emperor of All Maladies: A Biography of 
Cancer gained him the Pulitzer Prize, while 
The Gene won the 2017 Phi Beta Kappa 
Society Book Award in Science. 


With kind permission from the publisher, 
Scribner, New York. 
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exogenous sources, and microRNA (miRNA) when they 
are produced from RNA-coding genes in the cell’s own 
genome (Fig. 9.28). 


For a long time, attempts to use longer dsRNAs (> 50 
RNA components) to silence the most promising genes 
for drug development were still being foiled by the in- 
terferon response. This is an immune reaction to viral 
infection which causes mammalian cells to stop produc- 
ing proteins and to degrade mRNA nonspecifically (as 
described earlier in this chapter). 


Then, in 2001, a breakthrough was achieved by the 
German scientist Thomas Tuschl (Fig. 9.29) and 
Sayda M. Elbashir (now associate director for immu- 
nology and infectious disease at Moderna, of Covid vac- 
cine fame), who at that time worked at the Max Planck 
Institute for Biophysical Chemistry in Góttingen. They 
found short RNA molecules consisting of only 21-23 
components. These proved to be "diamonds" in the 
98.576 of the genetic material that was then regarded 
as "junk." After extracting these fragments, they could 
effectively block mRNA in the cell nucleus. Tuschl and 
Elbashir immediately recognized the potential of their 
discovery. With the aid of the small interfering RNA 
of mammalian cells, genes could be switched off as re- 
quired—even though this could only be done in cell cul- 
tures for the time being. 


With the artificially created siRNAs of 21—23 nucleo- 
tides in length, their team silenced mammalian genes for 
the first time without eliciting an undesired interferon 
response. Since then, there has been one research suc- 
cess after another—e.g., the targeted silencing of var- 
ious HIV genes, and combating the influenza and the 
hepatitis C viruses. 


Researchers certainly knew by 1998 at the latest that 
genes could be silenced with the help of RNA mole- 
cules. However, it was not clear how this mechanism, 
named RNA interference (RNAi), functioned. 


Two years later, siRNA was being used in laboratories all 
over the world. Tailor-made artificial RNA strands were 
used in the meantime for testing of gene function in 
large quantities—within weeks instead of over a period 
of years. In the process, it was not just individual genes 
that were examined, but hundreds at the same time. 


Tuschl’s and Elbashir’s methods did not just extend the 
repertoire for basic researchers who were able to use 
them to unravel the function of approximately 20,000 
genes of the human genotype; large pharmaceutical 
companies were also interested in the technique. 
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Genes are an important starting point for therapeutic 
products. Approximately 5,000 human genes are of in- 
terest as drug targets, and it is hoped that they will be 
found with the aid of “short” RNA strands. 


Even siRNA can be used as a drug itself. Once a faulty 
gene has been identified using siRNA, it can be used 
to suppress the relevant mRNA for therapeutic pur- 
poses. That is exactly what researchers had wanted for 
30 years with the so-called antisense technology (see 
Chapter 7, “Antimush tomatoes”). 


Scientists had been trying to use pieces of RNA that were 
too large, so the cell nuclei produced an allergic reaction 
to what appeared to them to be destructive viral genetic 
material. The cell apparatus therefore attacked the in- 
truder and destroyed it. There was just one possibility 
for evading this “cell nucleus immune system”: the RNA 
had to be tiny, no longer than 21-23 components. RNA 
of this length occurs naturally in the cell nucleus and 
one of its functions is to control whether and how often 
a gene is expressed. Tuschl’s small molecules reduced 
the production of proteins 1,000 times more efficiently 
than the old antisense technique. 


The list of possible areas of use includes rheuma- 
tism, Alzheimer’s disease, Parkinson’s disease, cancer, 
metabolic and autoimmune disorders, and infectious 
diseases. 


However, the route from laboratory to clinical applica- 
tion is a long one. The greatest difficulty with regard to 
siRNA treatment is to get the fragile molecules inserted 
into the cell nuclei where they can be effective. Sensitive 
material is attacked in the bloodstream and quickly de- 
graded by enzymes. Some researchers will package it 
in liposomes; others will transport the molecules with 
viruses into the cell nucleus or try to do it with naked 
siRNA that has been chemically stabilized. 


Perhaps they will resolve the puzzle as to why we have 
only eight times more genes than E. coli, but are 
genetically 1,000 times more complex than the 
bacterium. 


Are the small RNAs and all the genes that are not di- 
rectly encoding protein indeed the true rulers in the cell 
nucleus and responsible for the engine of evolution? 


Not until this question has been answered can the great 
flexibility of the metabolism of higher life-forms be ex- 
plained. Answers should come from the annotation 
of the genomes of important life-forms and finally of 
humans. 
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Fig. 9.28 Hypothetical process 
of RNA interference. It is not 

clear whether short RNA pieces 
are single- or double-stranded. 


Fig. 9.29 Thomas Tuschl, RNAi 
pioneer. 
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8 Self-Test Questions 


1. What should an emergency doctor do 
for a myocardial infarction, and which 
biochemical marker appears more quickly 
in the blood: FABP or Troponin? 


2. How could Count Dracula theoretically 
have helped with stroke? 


3. Can you really get rid of wrinkles 
with EGF? Are there more sensible 
applications? 


4. Should stem cell research be restricted? 
Can it be misused? 


5. How do some sportspeople use the 
achievements of biotechnology to enhance 
their performance? 


6. How can an utterly safe drug for 
hemophiliacs be provided? 


7. How do Pacific yew trees save the lives of 
cancer sufferers? 


8. What is interfering RNA and how can it 
be used to shut down genes? 


In 2008, the author was in a position to test his 
own heart attack test kit —it saved his life thanks to 
biotechnology!! 


AFTER A STORMY NIGHT, A FARMER, SEARCHING FOR HIS LOST CALF, 

FINDS A BABY EAGLE THAT HAS BEEN BLOWN OUT OF ITS NEST. 

HE TAKES IT HOME AND RAISES IT WITH HIS CHICKENS. 

WHEN A FRIEND COMES TO VISIT ONE DAY, 

HETELLS THE FARMER THAT AN EAGLE SHOULD BE FLYING HIGH IN THE SKY, 
NOT STAYING ON THE GROUND. 


“BUT THIS EAGLE WALKS LIKE A CHICKEN, EATS LIKE A CHICKEN, EVEN THINKS LIKE A 
CHICKEN," THE FARMER REPLIES. 


TWICE, THE FARMER'S FRIEND TRIES TO GET THE EAGLE TO FLY, 

BUT IT SEES THE CHICKENS ON THE GROUND AND DROPS DOWN EACH TIME. 
AT LAST THE FRIEND, FOLLOWED BY THE FARMER, 

CARRIES THE YOUNG EAGLE BACK INTO THE MOUNTAINS 

AND PLACES THE GREAT BIRD ON A ROCKY LEDGE, 

JUST BEFORE SUNRISE. 

AS THE AIR IS FILLED WITH GOLDEN LIGHT AND THE SUN APPEARS, 

THE FRIEND CRIES, “FLY, EAGLE, FLY!” 

AND THE EAGLE RAISES ITS WINGS AND SOARS UPWARD, OUT OF SIGHT. 


After telling this story, Archbishop Tutu, an Anti-Apartheid activist in South Africa and 1984 Nobel Peace Prize winner, raised his voice and looked 
straight into the eyes of his listeners: 


GOD TELLS US ALL THAT WE ARE NOT CHICKENS, BUT EAGLES. 
FLY, MY EAGLES, FLY! 

GOD WANTS US TO STIR AND SPREAD OUR WINGS 

SO THAT WE CAN LIFT OFF, FLOAT AND SOAR UP TO CONFIDENCE, 
THE GREAT AND THE GOOD, 

TO PASSION, SENSITIVITY AND CARE. 

WE SOAR HIGH UP TO BECOME 

WHAT GOD WANTS US TO BE— EAGLES AND NOT CHICKENS. 


REST oF 
MY LIFE 


http://michigantoday.umich.edu/2008/11/tutu.php 
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Fig. 10.1 Bad nutrition habits 
and lack of exercise are the 
main causes of obesity and 
diabetes. 


Fig. 10.2 GOD recognizes 
glucose from a sugar mixture, 
binds to it, and converts it 
(described in more detail in 
Chapter 2). 


Fig. 10.3 GOD is a glycoprotein 
dimer (sugar chains not shown 
here). The flavin adenine 
dinucleotide (FAD, red here) 

in the active site takes up two 
electrons from glucose and 
transfers them to oxygen. The 
reduced oxygen (0; ) binds 
two protons (H*) from water 
to form hydrogen peroxide 
(Н,0,). Glucose is reduced to 
gluconolactone, which reacts 
with water to form gluconic 
acid. 
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E 10.1 Enzyme Tests for Millions 
of Diabetics 


With the discovery of enzymes, the ancient dream of 
being able to give an accurate diagnosis from sampling 
body fluids came true. From a mixture of hundreds of 
substances present in blood or urine, individual com- 
pounds can be specifically targeted, e.g., f-p-glucose 
in diabetes, using glucose dehydrogenase (GDH). 
Together with cofactor nicotinamide adenine dinu- 
cleotide (NAD*), GDH converts glucose into gluco- 
nolactone, reducing NAD* to NADH (+H*). NADH 
can be easily quantified in a photometer, using Otto 
Warburg’s optical test (see Chapter 2) at a wavelength 
of 340nm. NAD*, by contrast, does not absorb light of 
this wavelength. 


Glucose oxidase (GOD, Figs. 10.2 and 10.3) is an- 
other enzyme, also an oxidoreductase, which reduces 
oxygen to hydrogen peroxide (H202) with the help of 
electrons from glucose. 


From a mixture of sugars, GOD specifically acts on 
B-p-glucose. Therefore, if H:O can be detected in a 
body fluid (blood, serum, or urine) after the addition of 
GOD, it is an indicator of the presence of glucose. The 
higher the amount of H;O;—the amount of enzyme 
added remaining constant—the higher the glucose con- 
tent. Solutions with a known glucose concentration pro- 
vide a calibration curve that makes it possible to work 
out the glucose content of the mixture at hand. Portable 
biosensors have been developed which can be used by 
diabetic patients (Fig. 10.12). 


Approximately 7-8% of the populations of developed 
nations are diabetic. Diabetes mellitus is a metabolic 
disorder with constantly raised blood sugar levels. 
An excess of glucose cannot be filtered out by the kid- 
neys and is excreted in the urine. 


Diabetes is caused by a lack of the hormone insulin (see 
Chapter 3) or by some disruption of its action. Insulin 
is produced in the pancreas and lowers the blood sugar 
level by triggering glucose into cells. It is also involved 
in fat and protein metabolism. Thus, a lack of insulin 
has more repercussions than just a disrupted sugar 
metabolism. 


Normal blood sugar levels lie between 60 and 110 mg/ 
dL and should not rise above 140 mg/dL, even after a 
meal. In diabetics, however, even the fasting blood sugar 
level lies above 126 mg/dL, and levels rise to 200 mg/ 
dL and more after meals. 


In type 1 diabetes, there is a lack of insulin due to the 
destruction of insulin-producing cells in the pancreas. 
The cause is probably an underlying autoimmune re- 
action that makes the body attack its own cells. What 


causes the immune reaction is as yet unclear. One of the 
possible causes that are being discussed is a viral infec- 
tion during childhood. Additional genetic factors come 
into play as well, as 2076 of patients have a close relative 
suffering from type 1 diabetes. 


In type 2 diabetes (Fig. 10.1), the patients initially 
produce sufficient amounts of insulin, but its action 
on the metabolism is reduced (insulin resistance). 
The insulin receptors become increasingly insensitive. 
Thus, although the amount of glucose made available 
to the cells decreases, blood glucose concentration in- 
creases, stimulating the pancreas to produce even larger 
amounts of insulin in order to lower the blood sugar 
level. This leads to a further reduction in the number 
of receptors on the cells, lowering insulin receptivity 
levels even further. The constant overproduction of in- 
sulin exhausts the p-cells, leading eventually to a lack 
of insulin. Four hundred and 10 million people have 
type 2 diabetes. 


Type 2 diabetes is a disease that mostly goes unnoticed 
for a while before it is finally detected, as there are no 
very specific clues. General symptoms include tiredness, 
lack of initiative, eating bouts, weight loss, perspiration, 
and headaches, which, on their own, will not point to 
the right diagnosis. This is where analytical tests come 
in. More than half of all diabetics are ignorant of their 
disease. Untreated, diabetes can have disastrous conse- 
quences. In the United States, at least 6876 of people age 
65 or older with diabetes die from some form of heart 
disease, and 1676 die of stroke. Adults with diabetes are 
two to four times more likely to have heart disease or 
stroke (Figs. 10.4 and 10.5). 


ш 10.2 Biosensors 


How can glucose levels be measured quickly and accu- 
rately? With biosensors, of course! 


Six hundred years after the first mention of a glu- 
cose biosensor in literature by Giovanni Boccaccio 
(Fig. 10.6), Leland Clark Jr. (1918-2005) and George 
Wilson (b. 1939) from the United States, Isao Karube 
(1942-2020) from Japan, Anthony Р.Е Turner 
(b. 1950) from the United Kingdom, and Frieder W. 
Scheller (b. 1942) from Germany (Fig. 10.9) became 
pioneers in the field. 


In biosensors, the basic idea is to couple biomolecules 
(enzymes, antibodies) or cells directly with sensors 
(electrodes or optical sensors), amounting to their 
quasi-immobilization (see Chapter 2). Direct cou- 
pling enables the analyte (e.g., glucose) to be converted 
by a biocomponent (e.g., GOD) into a biochemical signal 
(e.g., H202) (Fig. 10.8) that is immediately passed on 


Box 10.1 The Expert's View: 
Diabetes — How Biotech Changed 
My Life 


In 1984, when Katrine Whiteson, now a 
Professor of Biotechnology, was 6 years old, she 
was unable to keep up with her parents when 
they went hiking in California. She quenched 
her excessive thirst with oversweet soft drinks, 
which exacerbated the problem. She also lost a 
lot of weight at that time. 


She was then diagnosed with diabetes. During 
the first years of her life, the insulin-producing 
cells in Katrine's pancreas had been destroyed 
by her own immune system. As everybody 
knows, insulin regulates blood sugar levels. 
Her blood sugar levels had risen to 900 mg/ 
dL, which is nine times the normal level! 
Luckily for her, it happened at a time when 
blood sugar levels could be determined by 
novel biosensors. To carry out a blood glucose 
test, her parents pricked her finger and put a 
drop of blood on the test strip, which was put 
into a measuring device which read glucose 
concentrations accurately. 


Up to the age of 10, her parents tested her before 
every meal, sometimes three to four times a 

day. They then had to decide how much insulin 
had to be injected, which depended on how 
much carbohydrate she was going to ingest, how 
active she would be, and a whole host of other 
circumstances. 


If the biosensor showed excessive glucose levels, 
additional insulin had to be injected, whereas 
when levels were low, she had to eat an extra 
snack—very complicated indeed. 


Katrine wrote down her personal story in an 
email to me: 


"Almost 25 years later, my routine is very similar, 
although now the test uses much less blood and 
only takes 5 seconds instead of a few minutes. 
This is part of why I also test more often— 
before I drive, or exercise, or give a lecture, for 
example. Now I use fast-acting insulin in a pump, 
instead of shots with a mix of regular and slower 
insulins. 


The pump mimics insulin cells, releasing smaller 
quantities of insulin every hour, distributed over 
the whole day—depending on physical activity 
and mealtimes. 


Managing blood sugar is a constant balancing act, 
and the information provided by a glucose testing 
meter is how I know if my guesses with insulin 
and food are working. Low blood sugar levels are 
dangerous in the short term, while high blood 
sugar levels can lead to complications in the 
future, such as kidney disease and blindness. 
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Three cheers for biotech! 


How exactly does such a modern 
glucose biosensor work? 


To put it simply, it uses the enzyme glucose 
oxidase, which is bound to a single-use sensor 
chip, waiting for glucose from the drop of 

blood. It then transfers the glucose electrons 
onto the sensor chip. A measuring device reads 
the number of electrons. A larger quantity of 
electrons means higher glucose levels. Measuring 
takes no more than 20 seconds—a biotech 
miracle.” 


Katrine continues: “Food, hormones, exercise, 
stress, sickness, and other unpredictable 
factors all affect blood-sugar levels. Even when 
I carefully consider how much insulin to take, 
depending on my current blood-sugar, what 

I am eating, my exercise plans, and other 
things I expect will alter my blood-sugar, I 
will often test my blood sugar and find that 

it is out of range. This can then be corrected 
immediately. Although it is wonderful that it 
is possible today to lead an almost normal life 
with diabetes, ideal glucose levels are still a 
distant goal. 


Last year I became pregnant. High blood 

glucose levels are a risk for mother and child. 
Developmental problems such as heart and 
neural tube defects can arise in the first trimester. 
Later in pregnancy, when hormones reduce 
insulin activity to the extent that most women 
need three times the normal amounts, high 
blood-sugar will make the baby grow too quickly. 
While I was pregnant I tested my blood-sugar 
ridiculously frequently, always more than 10 
times a day and a few times through the night. 
My husband could test my blood-sugar without 


even waking me up. Of course I worried every 
time the reading came back high, but testing so 
often alerted me to patterns in my blood sugar, 
and I could correct right away when I got out of 
range. 


All of this tight monitoring made it possible 

for me to keep my average blood sugars in the 
range of a person who doesn’t have diabetes. 

I owe this to two major developments in 
biotechnology—the production of genetically 
engineered human insulin in bacteria, and 
biosensors with sugar-oxidizing enzymes. Our 
son Silas was born healthy on 07/07/07. Three 
cheers for biotech! 


In 2008, the University of North Carolina 
reported that their scientists managed to 
reprogram human skin cells to become insulin- 
producing cells. This would mean that insulin 
could be produced in the body again—a glimmer 
of hope for millions of diabetics worldwide—up 
to 7-8% of adults in industrial countries. 


Although the technology hasn't changed much 
over the past several years, there are now 
continuous glucose monitor sensors that we 

can wear. There are also groups of parents who 
monitor their kids' blood sugar by having the 
information transmit to their phone, so even in 
the middle of the night or when their kids are at 
School they can see what the levels are. There 

is even a Facebook group with thousands of 
members called “ССМ in the Cloud' (Continuous 
Glucose Monitoring in the Cloud), encouraging 
others to participate in this new way to monitor 
ССМ data!" 


Professor Katrine Whiteson and her husband Daniel 
with children Silas (4) and Hazel (2) at Crystal Cove 
State Beach/ California, February 2012. 
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Fig. 10.4 Claudius Galenus 
of Pergamon (AD 129-199), 
alongside Hippocrates, the 
most famous medic in the 
ancient world, originated the 
doctrine of the four humors. 


Fig. 10.5 Tropical butterflies 
find the urine that tastes 
sweeter than the control in the 
experiment done in Hong Kong. 


Fig. 10.6 Giovanni Boccaccio 
(1313-75) wrote the Decameron 
between 1348 and 1353 (it was 
only published long after his 
death, in 1470) where he gave 
the first literary description 

of a biosensor—the tongue 

of a doctor detects glucose in 
the urine of his beautiful lady 
patient. 


Fig. 10.7 Single-use chip for 
glucose. In the active site of 
GOD absorbed by the chip, 
glucose binds to the flavin 
adenine dinucleotide (FAD). 
Two electrons are transferred 
via FAD onto two mediator 
molecules (ferrocene) which 
leave the active site in a 
reduced state. They diffuse to 
the chip surface and pass on 
the electrons. The strength 
of the current is proportional 
to the number of transmitted 
electrons, which, in turn, is 
proportional to the mediator 
and thus to the glucose 
concentration. 
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to the sensor. It is then transformed into an electronic 
signal (electricity) and amplified. 


The immobilized biocomponent is regenerated 
after use. In glucose sensors, e.g., the same GOD 
can be used to measure glucose in blood samples ap- 
proximately 10,000 times. Reusability was an import- 
ant aspect for hospital labs, which have to deal with 
hundreds of patient samples quickly and economically 
(Fig. 10.10). 


Single-use sensors (Fig. 10.12), however, are the ideal 
option for patient self-tests, as they protect from infec- 
tion (HIV, hepatitis). The biochip is only used once and 
then discarded. Patients are often given an electronic 
monitor as a free gift and are thus tied to a particular 
company for buying biochips. 


Most glucose biosensors use a specific enzyme obtained 
from a fungus (Aspergillus), Glucose Oxidase (GOD), 
which only binds to B-p-glucose and oxygen, converting 
them into gluconic acid and hydrogen peroxide (H203) 
within fractions of a second (Fig. 10.2). All glucose mea- 
surements are based on the principle that more glucose 
in the sample means more of the product, and that more 
oxygen will be reduced. The amount of product is mon- 
itored with color tests, test strips, and modern glucose 
sensors. 


Glucose sensors represent the first generation of bio- 
chips. Two cutting-edge technologies—microelectron- 
ics and biotechnology—were combined for the first 
time. 


In order to protect the patient from infection (HIV, hep- 
atitis), light-weight and low-price glucose monitors 
with single-use chips (Fig. 10.12) are widely used. In 


Gluconolactone 


e 
/ 


Glucose 


2 Ferrocene бу 


o 
E: 


Chip 


a kind of immobilization (see Chapter 2), glucose oxi- 
dase has been screen-printed on the chips. Permanent 
immobilization, as required for reusable biosensors, is 
not needed, as the chips are only used once. 


The patient puts a new biochip into the monitor 
(Fig. 10.12) and then pricks the tip of a finger (or, in 
other models, the forearm) with an aseptically packed 
automatic lancet. A minute drop of blood is adsorbed 
into the biochip through capillary action. The blood, be- 
ing liquid, activates GOD before it dries, and glucose 
is converted in seconds. When binding to glucose, the 
enzyme passes electrons onto a mediator substance, 
e.g., ferrocene (Fig. 10.7). 


The use of mediators makes the sensor independent of 
oxygen. The oxygen concentration in a drop of blood 
is difficult to calibrate. The enzyme binds to the 
mediator rather than to the natural cosubstrate 
oxygen. Via the active site of GOD (flavin adenine di- 
nucleotide, FAD), two ferrocene molecules each take 
up an electron of a glucose molecule (Fig. 10.7). The 
reduced ferricinium diffuses from GOD, reaching the 
electrode (Fig. 10.7). The electrons produce an electric 
signal in the chip sensor, and the display shows the 
glucose concentration, calculated from the strength of 
the current. 


Other biosensors followed, such as a lactate sensor to 
measure the fitness of athletes and racehorses. 


Glucose and lactate levels were measured in race- 
horses in Hong Kong before and after 3—5-min races, us- 
ing enzyme sensors. Lactate rises sharply if the muscles 
are not sufficiently supplied with oxygen and glucose 
must be broken down anaerobically (see Chapter 1). 
The fitter the horse, the lower the increase in lactate will 
be. This is not to say that the fittest horse will always 
win—after all, the jockey must be taken into account 
as well. 


Anyhow, glucose testing remains the most widespread 
application of biosensors, having reached a market 
volume of $13 billion, and the market is set to grow 
rapidly, due to emerging economies such as China and 
India. 


B 10.3 Microbial Sensors — Yeasts 
Measuring Water Pollution in 5 Minutes 


The same enzyme membrane can be used for 10,000- 
20,000 rapid, cheap, accurate measurements. 


Biosensors using living immobilized microbes play an 
important part in environmental testing. Yeasts such 
as Trichosporon cutaneum and Arxula adeninivorans 
are the most frequently used species to measure the 


organic pollution of wastewater. Arxula is a 
yeast that was originally used in the Soviet 
Union for a Single Cell Protein project (see 
Chapter 7). The idea was to break down 
Siberian cellulose with acid and turn it into 
carbohydrates. Then the acid would be neu- 
tralized with a base, resulting in high con- 
centrations of salt. Researchers were looking 
for a microbe able to digest large amounts of 
carbohydrate, while also being salt-tolerant 
(halophilic): Arxula! 


The cellulose Single-Cell Protein project failed 
eventually (see Chapter 7), as did the petro- 
eum SCP projects, but the yeast turned out 
to be very suitable for wastewater monitor- 
ing. In tropical coastal countries with a lack 
of fresh water, sea water is often used to flush 
toilets. Thus wastewater is high in salt, which 
inactivates many microbes—but not Arxula! 
Fig. 10.11). 


The idea of using microbial sensors 
Fig. 10.11) developed from the traditional 
measuring of the Biochemical Oxygen 
Demand in 5 days, BODs. In commercial 
BOD tests (Box 6.3), wastewater samples 
are incubated with a mixture of microbes for 
5 days at 20-25°С (68—77^?F), while the oxy- 
gen content is measured at the beginning and 
at the end of the incubation period, using a 
Clark electrode. 


In clean water, the hungry microbes have 
nothing to process, going into standby mode 
and not using up oxygen. The oxygen content 
remains unchanged over the 5 days. 


If, however, the sample contains many aer- 
obically degradable compounds, the mi- 
crobes reproduce in proportion to the available 
food supply, using up the oxygen. It is thus 
possible to calculate how much oxygen would 
be needed to completely degrade the biode- 
gradable compounds in a wastewater sample, 
i.e., to produce clean water. 


In certain developed countries, treated waste- 
water must not exceed a BOD; of 20mg of 
ОЛ. 


While the ВОР test takes 5 days, microbial 
biosensors only take 5 min for their mea- 
surements. Over 1,000 times faster! 


The living yeast cells are immobilized in a poly- 
mer gel (as in the glucose sensor, Fig. 10.8) and 
mounted on an oxygen electrode (Fig. 10.13). 


High molecular 
Substance 
(e.g., protein) 


Fig. 10.8 Reusable enzymatic 
sensor for glucose. Clinical 
sensors that produce thousands 
of measurements with the same 
enzyme (Figs. 10.9 and 10.10) 
consist of a sensor (electrode) 
covered by a thin membrane 
containing immobilized glucose 
oxidase (GOD) which is entrapped 
in polyurethane gel (right-hand 
side of the diagram). 


Only low-molecular-weight 
compounds and oxygen (red) from 
the sample can diffuse through 
the dialysis membrane into the 
gel (light blue). Large-molecule 
analytes cannot penetrate the 
membrane. GOD converts only 
B-o-glucose, reducing oxygen 

and producing gluconolactone 


\ 
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and H,0,. The immobilized GOD 
cannot be washed out of the 
membrane. The resulting Н,О, 
(hydrogen peroxide) is electrode- 
active, i.e., its concentration can 


be established using an electrode. 


The inserted schematic diagram 
gives an overview of the signaling 
process. 


Glucose concentration 

is proportional to H20; 
concentration, which, in turn, 
is proportional to the strength 
of the current. To measure the 
glucose content, the biosensor 
is immersed in the solution to 
be analyzed. The amount of 
hydrogen peroxide produced is 
the parameter that determines 
the amount of glucose. 


Gluconolactone 
4 d 


After the measurement, the 
enzyme membrane is rinsed with 
clear solutions that do not contain 
compounds that react with GOD. 
Thus, diffused substances from 
the GOD reaction are washed out, 
and the biosensor is regenerated, 
ready to take new measurements. 


Glucose 


0; 
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Box 10.2 RFLP and Paternity Testing 


How is it possible that homologous DNA (i.e., 
DNA from the same section of a chromosome) 
from various individuals results in fragments 
of varying lengths when cut with the 

same restriction enzymes? The restriction 
endonucleases always cut DNA at the same 
places, e.g., after guanine (G) in sequence 
GAATTC (see Chapter 3). If a person called 
“Renneberg” carries a DNA fragment with an 
intron carrying the following sequence 


... TTTTGAATTCTTTTGAATTC... 


then two places where the enzyme can cleave 
are easily identified: 


... TTTTG/AATTCTTTTG/AATTC... 
Thus, three fragments arise: 
... TTTTG and AATTCTTTTG and AATTC... 


Another person called “Darja Süfsbier," by 
contrast carries a simple mutation or SNP (see 


below). One of the Gs has been replaced by an A: 


... TTTTGAATTCTTTTAAATTC... 
Here, the enzyme can only cut once: 

.. . TTTTG/AATTCTTTTAAATTC... 
Resulting in only two DNA fragments: 
...TTTTG and AATTGTTTTAAATTC... 


The outcome is a different pattern. The Süßbier 
DNA sample contains only two fragments, the 
second of which will move more slowly in gel 
electrophoretic separation. The three small 
Renneberg fragments will move more quickly 
through the gel. 


These differences in DNA between individuals 
are visualized by blotting, i.e., by pipetting a 
solution that contains the cut DNA fragments 
into wells on a gel and running an electric 
current through it (gel electrophoresis). The 
negatively charged DNA fragments migrate 
through the pores of the gel to the anode 
(positive pole) and are separated on their way 
according to size. 


For the blotting process, nitrocellulose paper is 
laid over the gel with the sorted DNA fragments. 
These are absorbed by the paper in the same 
distribution and firmly bind to the nitrocellulose. 
A radioactive label is added, which makes the 
DNA fragments visible on a superimposed 

X-ray film. The result looks like a ladder with 
steps of irregular thickness which are unevenly 
distributed. It is reminiscent of the bar codes 
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on supermarket packaging that are run through 
readers at the cashpoints. The steps of the ladder 
are referred to as DNA bands. 


The blotting results of Süfibier and Renneberg 
thus show clearly distinctive band patterns. The 
band "TTTTG" is present in both, but the two 
other smaller Renneberg bands are missing in 
SiiBbier, who has a larger step on the ladder 
elsewhere. This would explain a small genetic 
difference between the graphics designer and the 
author of this book. 


One is an ingenious painter and hates writing, 
the other loves writing, but is only able to draw 
formulae and cartoons for his Chinese students. 


From a scientific as well as a personal view, it 
Would be interesting to make a further RFLP 
comparison of DNA bands between Sii&bier 

and Renneberg (from former East Germany), 

our US Editor Georges Halpern from Poland, 
Merlet Behncke-Braunbeck from former West 
Germany, and our translator Renate FitzRoy 
from Sylt, the northernmost German island. 
However, it is not as simple as that, as not all 
DNA sequences are coding sequences. 


To the great joy of US historians, it is now 
possible to use DNA testing to find out more 
about President Thomas Jefferson' s moral 
conduct 100 years later. Left: Sally Hemings. 


History, rewritten by DNA? 


In a paternity test, DNA fingerprints of the 
mother, child, and putative father are put side 

by side and compared. The bands of mother and 
child at the same height are identified, and the 
remaining bands in the child's fingerprint are 
compared with those of the supposed father, as the 
bands that do not match those of the mother must 
come from the father. If the bands do not match, 
it is very likely that the father is a different person 
(see also Box 10.3 about Sir Alec Jeffreys). 


Apparently, there are virtually unlimited 
possibilities for the use of genetic fingerprinting. 


А bizarre example comes from the United States, 
where in 1802, President Thomas Jefferson 
(1743-1826), father of the Declaration of 
Independence, was accused by a newspaper of 
having an affair with his slave Sally Hemings 
(1773-1835), who was of mixed black and white 


origin. It was therefore possible that Jefferson was 
the father of one of Sally Heming's seven children. 


Nineteen DNA samples of Jefferson's 
descendants were collected in 1997, including 
blood samples of male descendants of Jefferson's 
paternal uncle, Field Jefferson. Each sample 
was searched for polymorphous markers on the 
Y-chromosome, which are only passed on via 
the male line. The analysis showed that Jefferson 
appeared to have been the father of the youngest 
child, Eston Hemings. 


Another interesting question had arisen from 
this investigation: In the DNA from Jefferson's 
male relatives, taken in 1997 by Prof. Mark 
Jobling from the University of Leicester, it was 
found the president had a rare genetic signature. 
The special haplotype (see also Boxes 10.5 and 
10.10) is found mainly in the Middle East and 
Africa. This raised questions about Jefferson's 
claim of Welsh ancestry. 


Now, this DNA type has been found in two 
Britons with the Jefferson surname. 


DNA-analysis shows clearly that the British 
men shared a common ancestor with Thomas 
Jefferson about 11 generations ago. But neither 
knew of any family links to the United States. 


Thomas Jefferson—who was president from 
1801 to 1809—must have had recent paternal 
ancestors from the Middle East. K2 makes up 
about 776 of the Y chromosome types found in 
Somalia, Oman, Egypt, and Iraq. It has now 

been found at low frequencies in France, Spain, 
Portugal, and Britain. Of the K2s looked at by the 
study, Jefferson's Y chromosome was most similar 
to that of a man from Egypt. Could he have had a 
relatively recent origin in the Middle East? 


But genetic relationships between different K2s 
are poorly understood, and this may have little 
significance. Instead, say the researchers, their 
study makes Jefferson's claim to be of Welsh 
extraction much more plausible. 

Mother 
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Example of a paternity test. 


The sensor measures how much oxygen the "starving" 
cells are taking up. When clean water, containing no 
degradable substances, is added, the yeast does not 
take up additional oxygen. When a sample with "food" 
is added, containing carbohydrates, amino acids, and/ 
or fatty acids, the cells become active, ingesting and 
degrading the compounds through respiration. The 
amount of oxygen used up is proportional to the 
amount of food. 


Such microbial sensors are ideal for the monitoring 
of sewage treatment plants. They indicate how 
polluted the incoming water is and help regulate the 
aeration pumps for the activated sludge basins. Thus, 
energy can be saved. A biosensor at the outlet of the 
treatment plant shows if the water has been treated 
effectively. 


B 10.4 Immunological Pregnancy Tests 


Around AD 1600, the average woman in Central 
Europe became pregnant about 20 times during her 
lifetime. Nowadays, birth control methods (about the 
pill, see Chapter 4), as well as rapid pregnancy tests, are 
available in industrialized countries. 


The injection of the urine of supposedly pregnant 
women into frogs (“the frog has reacted positively") is 
now medical history. The frog or toad test, also known 
as Galli Mainini test, was a biological pregnancy test. A 
male frog (or toad) was injected subcutaneously or into 
his dorsal lymph pouch with the urine or blood serum 
of a female test person. If, after 24h, the microscope 
showed semen in the urine of the tested frog, the tested 
woman was pregnant (not the frog). 


The frog or toad test remained the method of choice 
into the 1960s for establishing pregnancy in its early 
stages. The animal, usually an African Clawed frog (see 
Chapter 3, Fig. 3.33), was given a break to recover and 
then used again for more tests. Apart from injections, 
celibacy, and imprisonment, it did not suffer any torture. 
Nowadays, the test has been replaced by immunologi- 
cal pregnancy tests, however. 


Alongside enzymatic glucose tests, immunologi- 
cal pregnancy tests are the most widely sold bio- 
tests. Antibodies infallibly recognize substances like 
human chorionic gonadotropin (hCG), which is 
responsible for the formation of corpus luteum during 
pregnancy. 


What happens biochemically during pregnancy? 
The fertilized egg finds its place in the mucosa of 
the uterus 6 days after fertilization. This is called ni- 
dation and elicits a dramatic release of hormones in 
mother and embryo. The placenta rapidly produces 
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the hormone human сһогїопїс gonadotropin. 
hGC overrides the normal hormone cycle that would 
culminate in menstruation. The hGC is produced in 
such vast amounts that its concentration in the blood 
is extremely high and it is also excreted through kid- 
neys and urine. 


By definition, urine is a body fluid that is excreted 
voluntarily in large amounts. It is thus freely and— 
in contrast to the use of blood in tests—painlessly 
available and suitable for self-tests. Many such tests 
are available in pharmacies (Figs. 10.14 and 10.15). 
They are easy to carry out and have a reliability of 
90-98%. 


The earlier a test with urine is carried out, the more 
uncertain its result will be. In a medical context, a preg- 
nancy is usually established by a blood test. 


A blood test is more sensitive by far than a urine 
test and can therefore provide reliable results at an 
early stage of a pregnancy. As early as 10 days after 
fertilization, human choriogonadotropin (hCG) can be 
detected in the blood as a certain indicator of an existing 


pregnancy. 


A window in the plastic casing of the urine test kit shows 
a colored control line (Fig. 10.14, test kit is working), 
and a second window displays the crucial colored line— 
baby on its way. If this line does not appear, no hCG is 
detected in the urine, and thus, there is no pregnancy. 


This test, which takes no longer than a minute will not 
work from day 1 after fertilization. The embryo must 
have time to embed itself in the uterus. The test will 
only work after menstruation should have occurred. 


The pregnancy test uses monoclonal antibodies (see 
Chapter 5) for the detection of hormones. They specifi- 
cally recognize the hCG secreted by the placenta in any 
mix of thousands of components. Similar to enzymes, 
the antibodies fish for substances that bind accurately. 
Antibodies bind to the relevant antigens without degrad- 
ing them. 


Suppose an antibody has found an antigen—how is this 
visualized? 


In an enzyme-linked immunosorbent assay (ELISA, 
described in more detail in Chapter 5, Fig. 5.23), 
enzymes are used to detect the formation of an 
antibody-antigen complex. This is wet chemistry, which 
requires equipment such as readers and provides an ac- 
curate assay of antigen concentration. 


Where just a clear and fast yes/no response (rather 
than 55% pregnant) is called for, test strips come into 
their own, and no machinery is involved. Antibody 


Fig. 10.9 The author (second from 
right) had the privilege and the 
pleasure of working as a doctoral 
student in Frieder W. Scheller' s 
research laboratory. Scheller (left; 
now retired from being prorector of 
the University of Potsdam) began 
his research into biosensors in 
Berlin-Buch (then East Germany). 
Although material and technical 
conditions were not the best, 
Scheller was ahead of his time 

and managed to produce the 

most rapid glucose sensor in the 
world —GKM-o1. 


Fig. 10.10 Top: A 10,000-times 
regenerable thick layer 
biosensor has been 

developed by EKF diagnostics, 
Magdeburg, Germany. Bottom: 
A handheld glucose meter by 
the Berlin company BioSensor 
Technologie, BST. Both are 
based on Frieder Scheller' s 
glucometer GKM-o1. 


Fig. 10.11 A reusable 
wastewater sensor (top), 
using immobilized yeast cells 
(bottom) to determine BOD, in 
5min instead of 5 days. 
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“Blood is a juice of 
rarest quality” 


Mephistopheles in 
Goethe’s Faust, Part I 


© 


Fig. 10.12 Glucose self-test. 
How to measure blood glucose 
yourself. A glucose level of 
104 mg/dL (or 5.6 mmol/dL) is 
normal. 


Fig. 10.13 Sensors that are 
used in biosensor production. 
Printed thick layer sensors 
(BioSensor Technologie, 
Berlin). 


material is bonded to small colored latex globules (red, 
blue, or green) or red colloidal gold and put at the end 
of a filter paper strip and left to dry. They are called 
detector antibodies because their color makes them 
detectable. 


When blotting paper is dipped into a liquid with one 
end, the liquid rises into the pores of capillaries of the 
paper—a phenomenon which is utilized in immuno- 
chromatography. When the end of the strip is dipped 
into the urine, the liquid rises, wetting the whole strip 
in the process and transporting hCG to the “waiting” 
detector antibody. 


hCG ... detector antibody with color 


The antibody binds to hCG, and the resulting construct 
wriggles its way through the pores of the paper. In the 
middle of the strip, catcher antibodies have been firmly 
bonded to the paper in a line. The catcher fishes the 
hCG-detector-pigment construct out of the liquid and 
holds on to it. 


Both the detector as well as the catcher antibody bind 
to hCG—one on each side. The whole complex is there- 
fore also called a sandwich construct. Here it is: 


Paper... catcher antibody ... hCG... detector with color 


A colored line is clearly visible. If the urine contains 
no hCG, it cannot bind to the detector color com- 
plex. When the detector reaches the catcher, it will 
not be fished out, as the hCG is missing, so no sand- 
wich forms. The control line is there to show if the 
test Works at all. A second catcher antibody has been 
bonded to the paper which recognizes the detector an- 
tibody in the absence of hCG and makes it visible at 
the control line: 


Paper ... catcher for detector antibody ... detector with color 


If the control does not work, the test result is invalid. 


ш 10.5 AIDS Tests 


Would you believe it—approximately 46,000 people 
become infected with a deadly virus every day! Why is 
there no worldwide panic and what happened to AIDS 
initiatives? We have learned to live with the virus and 
the threat it poses. Approximately 75 million people 
Worldwide have been infected with HIV and 32 mil- 
lion died (see Chapter 5). In South Africa alone, 7.7 
illion people are HIV-positive—about 19.2% of the 
total adult population. 658,507 people with AIDS have 
ied in the United States. An estimated 37,832 people 
have been diagnosed with AIDS in the United States 
in 2018. 
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What makes AIDS such a treacherous disease is that 
the immune system itself, which should give pro- 
tection, is affected. Upon an HIV infection, the body 
activates its immune system, as it would in any other 
infection. In contrast to other infections, however, it 
takes the immune system at least 4—6 weeks to produce 
antibodies against the virus. 


This is the signal to attack the intruders. The an- 
tibodies can be detected in the blood of an infected 
person. As the first symptoms of AIDS are often hardly 
noticeable or nonexistent, tests have been developed. 
Existing antibodies can be identified by an immune 
test, while the viral RNA itself can be detected 
through PCR (polymerase chain reaction, see be- 
low). The major drawback of the immune test is that 
it cannot detect the infection before antibodies have 
been produced. 


Recent infections can only be detected through PCR. 
Other tests for viruses work in a way similar to the AIDS 
test, e.g., the hepatitis B test. But there has also been 
an increase in easily manageable yes/no test strips for 
various viral infections. They are structurally similar to 
pregnancy tests. 


ш 10.6 Myocardial Infarction Tests 


The onset of a heart attack (acute myocardial infarc- 
tion, AMI, see Chapter 9) is characterized by a feeling 
of being unwell and strong pressure on the breastbone. 
The pain radiates into the left arm, a fear of death arises, 
and the patient breaks out in a cold sweat. 


Well, if only the symptoms were always as clear-cut 
as this! Sometimes people feel just a little unwell, and 
in some women, it seems to be no more than a stom- 
achache. In approximately 4076 of all infarctions, the 
electrocardiogram (ECG) does not show unambig- 
uous results, i.e., an acute infarction. This is where 
the rapid immune test comes in (see the end of 
Chapter 9). 


In an infarction, the blood flow toward the heart is 
reduced or even disrupted by blood clots (thrombi). 
Starved of food and oxygen, the heart cells begin to die. 
The dying heart cells release proteins into the blood. 
Heart muscle enzymes such as creatine kinase (CK) 
and proteins such as various troponins have been mea- 
sured over the past years. 


These comparatively large proteins are called late 
markers. Once they are found in the blood, disaster has 
already struck, and the heart attack has been ongoing for 
at least an hour. Reliable as they are as indicators, they 
come a bit late. 


"Time is muscle" is a cardiologist's adage. The earlier 
the thrombus can be dissolved, the smaller the dam- 
age to heart tissue. Genetically engineered enzymes 
(tissue plasminogen activator tPA, Chapter 9) can 
be injected to dissolve the blood clot, but there is a 
risk of a brain hemorrhage. However small the risk 
may be, the injection can only be justified if there is an 
actual heart attack. Hence, the search for more rapid 
markers. 


Since the 1990s, I have been working on developing 
such a marker with my Munster and Hong Kong re- 
search teams, in collaboration with Jan EC. Glatz 
in Maastricht (The Netherlands) (Fig. 10.16) and my 
companies in Berlin. The fatty acid-binding protein 
(FABP) is a very small protein (MW 15,000) that, due 
to its small size, appears in the blood almost immedi- 
ately after the infarction, 1—2h before late infarction 
markers such as creatine kinase and the troponins 
T and I appear. It is therefore classified as an early 
marker. 


The fastest heart attack test in the world works on the 
same lines as a pregnancy test, using monoclonal anti- 
bodies binding to the fatty acid-binding protein, which 
are able to recognize heart-specific FABP (h-FABP) out of 
thousands of compounds in the blood (Fig. 10.17). 


How Can h-FABP Recognition Be Visualized? 


As in a pregnancy test, the detector antibody is put on 
the end of a narrow strip of filter paper and left to dry. 
The antibody has been bonded to colloidal gold par- 
ticles. In solution, these particles convey a lovely red 
color. Thus, the detector antibody carries a red label. 
] strip is put in a flat plastic casing in credit card 


The tes 
format (Fig. 10.16). The card has a funnel-like opening 
that takes up the blood and a window that shows the 
result. Just as in the diabetes test, a finger is pricked with 
a sterile lancet. Three drops of blood go into the funnel 
opening. The filter paper absorbs the blood by capil- 
lary action, transporting h-FABP to the "waiting" gold- 
labeled detector antibodies, which bind to FABP, and 
move on as a construct through the pores of the paper: 


FABP ... detector antibody with red gold globule 


In the middle of the strip, catcher antibodies are firmly 
bonded as a line on the paper: 


Paper ... catcher antibody 


The catcher "fishes" the FABP-detector antibody con- 
struct from the liquid and holds on to it by binding to it 
to form a sandwich (Fig. 10.19): 


Paper... catcher... FABP ... detector with red gold globule 
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A clearly visible red line appears, indicating a heart 
infarction. 


In the absence of FABP in the blood, nothing will bind 
to the gold-labeled detector. The detector moves to the 
catcher on its own but cannot be caught because there is 
no FABP to form a sandwich. Thus, no red line appears, 
indicating that there has not been an infarction. A con- 
trol line shows whether the test has been working. The 
whole test takes 10—15 min. The test has already helped 
doctors make accurate diagnoses within the critical time 
window (Fig. 10.17). 


B 10.7 Point of Care (POC) Tests 


New immune tests have appeared which assess, e.g., 
the risk of a heart attack or stroke. So far, this has 
been done on a blood lipid level basis. 


In some pharmacies, it is already possible to deter- 
mine the lipid profile within 5 min. Gone are the 
days when the total cholesterollevel was the main 
parameter. Nowadays, it is common knowledge that 
a high cholesterol level on its own does not say 
anything about the risk of atherosclerosis. Thus, 
the levels of various lipids in the blood need to be 
measured. 


Triglycerides, or “good” HDL (high-density lipo- 
protein) cholesterol, must be distinguished from 
“pad” LDL (low-density lipoprotein) cholesterol and 
very low-density lipoprotein. The critical param- 
eter is the total cholesterol/HDL ratio, which 
should be below 4.0. Higher levels indicate a risk of 
atherosclerosis. 


Huge, automated analyzers in central laboratories, mea- 
suring hundreds of components simultaneously, are not 
always needed. There is a clear trend toward decentral- 
ization and rapid tests on location, also called point-of- 
care (POC) testing. 


How do I know before it is too late that I am at risk of 
a heart attack or stroke? Warning signals come from 
inflammation markers. C-reactive protein CRP has 
been recognized in the United States as a further risk in- 
dicator in addition to the blood lipid levels. Even former 
US president George W. Bush has been CRP-tested and 
found to be not at risk. 


Further rapid tests in the pipeline look very prom- 
ising. They will tell a patient with a runny nose and 
a temperature whether it is a viral or bacterial in- 
fection. The markers are C-reactive protein for bac- 
terial and neopterin (NEO) for viral infections (see 
Chapter 5). 


Fig. 10.14 Pregnancy self-test 
from a bioanalytics lecture. 

The urine test shows only a 
single line in the window, the 
control line. The second line 
for hCG does not appear. A sigh 
of relief: *No, our professor 
Renneberg is not pregnant!" 


Fig. 10.15 An ovulation immune 
test indicates the presence of 
luteinizing hormone and thus 
imminent ovulation. The urine 
test begins 17 days before the 
expected menstruation date. A 
positive test means that an egg 
will be available for fertilization 
within the next 36 h. (These are 
not the author’ s test results!) 


Fig. 10.16 Top: Jan F.C. Glatz 
(University of Maastricht, The 
Netherlands) found the fastest 
myocardial infarction marker 
so far, FABP. Bottom: the “life- 
saving credit card," the first 
rapid test, produced in 
Berlin-Buch (Germany). 
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Fig. 10.17 The strip lies in a 
credit card-shaped casing, 

with a funnel-like opening 

to take up the blood and a 
window to show the result. As 
in a diabetes test, the finger is 
pricked with a sterile lancet. 
Three drops of blood set off the 
test. If the result is ambiguous, 
it should be repeated half an 
hour later. The lifesaving credit 
card fits into any wallet or 
handbag and can be used in 
the ambulance or the Accident 
& Emergency Department as 
well. 


Fig. 10.18 Working principle of 
gel electrophoresis. 


DNA DNA 


markers samples 
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As is generally known, antibiotics are effective in 
bacterial infections only. Overprescription of anti- 
biotics, as well as patients deciding to stop taking 
them as soon as the symptoms have disappeared, 
have resulted in resistant bacterial strains. New 
antibiotics or higher doses are needed—a vicious cy- 
cle (see Chapter 4). New biotests help to stop the 
inappropriate use of antibiotics. They check CRP 
and neopterin. 


Rapid immune tests are essential for the detection of 
bacteria and viruses and the targeted use of antibiotics. 


But DNA analysis has become another new tool for dis- 
ease testing. 


ш 10.8 How DNA Is Analyzed — Gel 
Electrophoresis Separates DNA 
Fragments According to Size 


How can a DNA sequence be identified? In or- 
der to analyze genes, genomic DNA, or other DNA, 
e.g., bacterial plasmids, the sequence is cut with one 
or several restriction enzymes (see Chapter 3). The 
resulting fragments are separated on an agarose gel 
according to size. Agarose is a polysaccharide obtained 
from red algae (see Chapter 7) and liquidized by boil- 
ing it in a buffer. When it cools down, it turns into a 
solid gel with large pores. When an electric current is 
run through the gel to create an electric field, nu- 
cleic acids carrying negatively charged phosphate 
groups move to the positive pole (anode). The smaller 
DNA fragments move more quickly through the pores 
during this gel electrophoresis (Figs. 10.18 and 
10.20). 


The resulting DNA fragments are separated in the 
gel according to size. 


Ethidium 
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A DNA standard is run in parallel under the same con- 
ditions, containing DNA fragments of known size and a 
ladder containing, e.g., fragments between 1,000 and 
5,000 bp (Fig. 10.18), which gives a rough idea of frag- 
ment sizes. 


DNA is visualized by the DNA-binding dye ethidium 
bromide. It intercalates with the bases of nucleic ac- 
ids and fluoresces under UV light. The DNA is either 
dyed after electrophoresis, or ethidium bromide can be 
added to the agarose gel beforehand (Fig. 10.21). It is 
also possible to use radioactively labeled DNA and visu- 
alize it on an X-ray film (autoradiography). 


When a DNA molecule is cleaved by one or several re- 
striction enzymes, a restriction map can be created, 
i.e., the binding locations and distances between restric- 
tion sites within the DNA molecule are identified. 


Gel electrophoresis has been an essential method in ge- 
netic fingerprinting. 


E 10.9 Life and Death — Genetic 
Fingerprinting in Establishing Paternity 
and Investigating Murders 


Since 1892, human fingerprints have been used to iden- 
tify people (dactyloscopy). 


The case of the US football star OJ Simpson (b. 1947) 
gave molecular DNA fingerprinting a high media pro- 
file. Simpson was not proven guilty in the end (1995), 
thought to be mainly due to negligence of the police 
when collecting evidence and the skill of Simpson's law- 
yers, who pointed out contradictions in the prosecutors' 
arguments. Thus, the case could not be made in spite of 
overwhelming evidence. 


When the Swedish foreign secretary; Anna Lindh 
(b. 1957), was assassinated in 2003, police secured 
the weapon—in contrast to the still unsolved murder 
of prime minister Olof Palme (1927—1986)—and al- 
though no fingerprints were found on it, only skin parti- 
cles, the assassin Mijailo Mijailovic was convicted 
for life on the basis of his DNA analysis. 


The DNA of two individuals differs by just 0.1%. In 
people who are not related to each other, there will 
be only a difference of one letter in a 1,000bp. This 
small difference, however, is sufficient to provide an 
unmistakable genetic fingerprint. It is interesting that 
the genetic difference between people from different 
continents is far smaller than has been assumed. An 
individual from Africa may well be genetically 
closer to a European or Asian individual than to 
another African. 


— 
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Detector antibody, labeled with 
colloidal gold, no stable bond 
to nitro-cellulose 


DNA fingerprinting was described for the first time by 
Alec J. Jeffreys (b. 1950) at the University of Leicester, 
England, in the 1970s (more details in Box 10.3). 
The test is based on the observation that DNA, once 
cut up into fragments, differs in number and size be- 
tween individuals, and relies on restriction fragment 
length polymorphisms analysis (RFLP analysis, see 
Box 10.2, pronounced " riflip"). What RFLP describes is 
a method of identifying DNA variants—the use of 
highly specific DNA-cutting enzymes and restriction en- 
donucleases (see Chapter 3). For example, if two DNAs 
differ in their recognition sequence for a restriction en- 
zyme, one will be cut by the restriction enzyme, but per- 
haps not the other. Thus, the fragments of cut variants 
differ in length (more detail in Box 10.2). 


Most DNA in higher organisms (97%) does not carry 
information on protein formation. Genes are like oa- 
ses in a desert. The surrounding noncoding DNA 
(introns) carries more mutations than coding DNA. 
These mutations, of course, usually do not have a life- 


ANALYTICAL BIOTECHNOLOGY AND THE HUMAN GENOME ИШЕ 


the pores with the fluid 


threatening effect on the cell and can be passed on from 
one generation to the next without any change in the 
phenotype of the organism. 


Thus, the difference in the noncoding RFLPs is greater 
between individuals than those of coding DNA se- 
quences. This makes them ideal diagnostic tools. 


ш 10.10 DNA Markers —Short Tandem 
Repeats and SNPs 


RFLPs have their limitations where comprehensive anal- 
yses are required. After all, each restriction site offers 
no more than two possibilities. Microsatellite DNA is 
dispersed throughout the chromosome, whereas mini- 
and macrosatellite DNA is found in the centromeres and 
telomeres of chromosomes only. 


Microsatellite DNA plays an important part, repre- 
senting 5% of sequence polymorphisms. These are short 


cher antibody, 
stably bound to 
nitrocellulose 


Fig. 10.19 When sample fluid 

is added, the newly formed 
immune complexes travel 
through the pores with the fluid. 


Fig. 10.20 Machinery used in 
agarose gel electrophoresis. 


Fig. 10.21 DNA bands visualized 
by ethidium bromide in UV light 
after agarose gel electrophoresis. 
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Box 10.3 Biotech History: 
Alec Jeffreys, DNA Profiling and the 
Colin Pitchfork Case 


In 1983, 15-year-old Lynda Mann was found 
raped and strangled in the village of Narborough, 
England. Three years later, Dawn Ashworth, 
also 15 years old, was found in nearby Enderby. 
Since both girls were found near a footpath called 
the “Black Pad,” the newspapers called the killer 
“The Black Pad Killer.” 


Alec J. Jeffreys with the first DNA fingerprint in 
history. 


The police could not find any traces. It was 
around this time that Alec Jeffreys (b. 1950), 
genetic scientist at the University of Leicester, 
England, publicized his restriction fragment 
length polymorphisms, RFLP method. 


It is said that the idea struck him in the 
darkroom at 9 a.m. on Monday, September 15, 


1984. Jeffreys was investigating the evolution 

of a gene for the protein responsible for oxygen 
transport in muscles, myoglobin. After gel 
electrophoresis, he had photographed the 
relevant DNA fragments. When he looked at the 
just developed image, it showed DNA in various 
bands, resembling a bar code on packaged goods. 
Gosh, he thought, what have we got here? These 
are very varied, unique patterns. It should be 
possible to identify every single individual with 
these! Only a few hours later did Jeffreys and his 
team coins the name “genetic fingerprinting” 
for their accidental finding. 


DNA from the sperm traces was isolated and 
the DNA profile of the killer was established. 
5,000 men between 16 and 34 who did not 
have alibis were asked to give a blood sample. 
Of course, the police did not expect the killer to 
come forward to give a blood sample of his own 
accord, but a coincidence set them on the right 
track. A woman who worked in a local bakery 
told police that in a pub, one of her coworkers 
said he had taken the blood test for another man. 
When police questioned the man, Ian Kelly, 
he did not deny it. His mate, 27-year-old Colin 
Pitchfork, had convinced Kelly he could not 
take the test because he had already helped out 
someone else who was in trouble. 


The real reason was that Pitchfork was the killer. 
In January 1988, he pleaded guilty and received 
a life sentence, but was released in 2021. He 
was the first killer in history who was convicted 
on the basis of DNA evidence. Earlier on, a man 
who was mentally ill, Rodney Buckley, had 
already pleaded guilty to the murder of Dawn 


Ashworth. He was released because his evidence 
did not match at all the sperm DNA found at the 
scene of the crime. 


Thus, Buckley became the first suspect in human 
history who was acquitted on the basis of DNA 
analysis. 


The killer’ s genetic fingerprint matches that of 
Colin Pitchfork. 


In 1987, DNA tests became officially approved 

as evidence in the United States and the United 
Kingdom. The British database in 2015 contained 
5.7 million entries. 


It also became apparent that eyewitnesses and even 
the US Court of Justice are not always reliable. 

In his Innocence Project, the New York defense 
lawyer Barry Scheck (b. 1949) calls DNA “the gold 
standard of innocence.” Since 1992, he has been 
able to achieve the release of 334 innocent prisoners. 
Scheck says that at least one in seven people 
sentenced to death in the United States is innocent. 


Alec J. Jeffreys was knighted in 1994 by the 
Queen for his merits for humanity. 


Fig. 10.22 DNA fingerprints 
reveal even how loyal birds 

are. Here are some lovebirds 
(Agapornis) in the author’ s 
aviary, where it does not matter 
who is the father of this little 
chap. 
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DNA sequences, repeated in tandem-like fashion, e.g., 
CACACACACA—STRs, Short Tandem Repeats. 


The repeats comprise 2-10 1-, 2-, 3-, or 4-nucleotide 
repeats which are repeated between 5 and 25 times. 
The number of repeats per satellite varies. The human 
genome contains around 700,000 STRs, about 3% of 
the human genome. Microsatellite DNA is rarely found 
in genes, but if so, it has far-reaching implications, 
e.g., in the genetically transmitted Huntington’s dis- 
ease. Establishing the number of STRs is a useful tool 
to achieve an acceptable resolution when mapping the 
human genome. 


RFLPs as well as satellite markers are good physical 
mapping tools—i.e., they can be identified on a ge- 
nome map and thus found on a chromosome. When a 
chromosome is mapped, it must be completely covered 
by markers, e.g., in order to make it easier to identify the 
locus of the disease genes. Thus, it can be determined 
how often the markers (RFLPs, STRs) are passed on with 
the disease in certain families. 


The most important markers, however, appear to be sin- 
gle nucleotide polymorphisms or SNPs, pronounced 
“snips.” 


Polymorphism means that the copies of a gene within 
a population are not exactly identical. Single nucleo- 
tide polymorphism means that the difference affects no 
more than one base pair. 


SNPs are the markers of choice in large studies of hu- 
mans or other populations because they can easily be 
identified using gene chips (see below). 


SNPs represent 95% 
variations. 


of polymorphous sequence 


Roughly, 4 to 5 million SNPs in a person's genome 
had been identified in the human genome. Their 
only drawback is that any SNP will only affect one of the 
base pairs A-T or G-C, which makes it difficult to find 
the genetic difference between two people. 


SNP blocks must be identified in a way similar to a 
bar code. These SNP combinations are also called hap- 
lotypes. Haplotype mapping is now part of all gene 
mapping programs. In the 1990s, RFLP fingerprinting 
was complemented by SNP fingerprinting. 


DNA is becoming increasingly important in forensics. 
20—50 ng of DNA are sufficient for a DNA fingerprint. A 
DNA sample, e.g., from a rape victim containing sperm, 
and a DNA sample of a suspect are compared using fin- 
gerprinting. In order to catch a criminal, swabs of thou- 
sands of people have been taken—an approach that has 
often led to results (Fig. 10.24). 


Police forces in most countries now have a DNA 
database of convicted criminals. How extensive they 
are and for how long the data will remain in the data- 
base varies from country to country. While the UK data- 
base had nearly 5.7 million entries in 2020, Germany’s 
database had 1.6 million in 2016. In the United States, 
there are federal DNA databases as well as databases on 
the state level. 


DNA fingerprinting is becoming more and more sensi- 
tive. A droplet of saliva on a mobile phone or a single hair 
root provides enough material. The hair root method 
was developed by the German Federal Criminal Police 
Office BKA. 


DNA analysis was used to identify 1594 of 2753 victims 
of the 9/11 attack in New York in 2001. 


It also helped “Las Abuelas” (the grandmothers), a 
group of activist women in Argentina, to reunite 129 of 
the 2000 children displaced during the military regime 
with their families. In this case, it was mitochondrial 
DNA of the children and of the grandmothers that was 
analyzed. Mitochondrial DNA is only passed on through 
the maternal line. 


Other high-profile DNA analysis cases included that of 
the Nazi concentration camp doctor Josef Mengele 
in 1992 and of the family of the Russian czar, the 
Romanovs, which led to the exposure of imposto 
Anne Anderson, who had claimed to be the last re- 
maining daughter of the czar. 
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Other applications include, e.g., fiber analytics. DNA 
analysis can establish if an expensive Cashmere sweater 
really contains wool from Cashmere goats rather than 
ordinary sheep. 


DNA fingerprinting can also be applied to artificial 
DNA in order to produce specific tags that help pre- 
vent counterfeiting. A 20-base DNA sequence offers 
10 quadrillion possible variants for coding. The tags are 
used to protect valuable paintings and luxury cars from 
theft. 
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If DNA is available only in small amounts, it must first 
be replicated—and the magic formula to do this is the 
polymerase chain reaction (PCR) (Fig. 10.25). 


B 10.11 Polymerase Chain Reaction — 
Copying DNA on a Mega Scale 


PCR has become the DNA-replicating method par ex- 
cellence. What happens during a polymerase chain 
reaction (PCR) is the same as what happens during 
the division of a cell into two daughter cells: As the ge- 
netic information provided to each of the daughter cells 
must be identical, the entire set must be copied from the 
mother cell. The two strands of the double helix are sep- 
arated, and both single-stranded DNA molecules serve 
as templates for the formation of new single strands. An 
enzyme called DNA polymerase (Fig. 10.25) helps 
synthesize the complementary strands within the cell. 
The polymerase adds the nucleotide that matches the 
template. Thus, the DNA in both daughter cells is iden- 
tical to that of the mother cell. 


Thousands of biochemists and biotechnologists had 
been trying for years to mimic the process in vitro, but 
it took Kary Mullis (1944—2019) to hit on the crucial 
idea—PCR (Box 10.6). 


Here is a brief run-through of the main stages of PCR: 


e Separating the DNA strands through heating 
(denaturation) 


e Cooling and binding of primers 


e Reheating and synthesizing new double-stranded 
DNA through polymerase 


e Denaturing of the synthesized DNA 


e Repetition of the process 


This is an automatic cycle that only takes a few 
minutes. 


Initially, fresh DNA polymerase had to be added for 
each new cycle because the enzyme—which had been 
obtained from Escherichia coli bacteria—lost its activ- 
ity at 94°C (201°F) during the denaturation process. 
Then, in boiling hot springs such as the Yellowstone 
National Park geysers (Fig. 10.36), microorganisms 
were found that rely on a heat-stable polymerase for 
their replication. 


The enzyme isolated from Thermus aquaticus (Taq 
polymerase) was genetically modified and produced 
in large quantities. It works most effectively at 72°С 
(162°F) and can survive 94°C (201°F) undamaged. 


Its ability to remain active in the test tube during the 
whole cycle gives the method its decisive edge. Box 10.7 
and Fig. 10.25 describe the PCR method in detail. 
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Fig. 10.23 Forensic DNA test, 
separating female DNA from 
sperm DNA. DTT (dithiothreitol) 
frees sperm DNA by breaking 
up disulfide bridges. 


Fig. 10.24 A buccal swab is 
taken from Fortune, my male 
kitten in Hong Kong: Just for 
fun! No cloning plan! 
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Fig. 10.25 Action of 
DNA-polymerase in PCR. 


ш 10.12 A New Lease of Life for Dinosaurs 


ХУМОРАМ 


li Heating to 92-94°C 
(198-201°F) 


рее еее 
NJ NJ NJ ТАТА: 


Denaturing 

the double helix 

= i -- cooling down to 42-55°C 
(108-131°F) 

A 
P m = y Ё 
ү) 4 є \ 
BN ү MAN — $3 ^w 
/ ^ hl) 4 x 


№ 
| I X 0) f, М 
N T wv Lo м 


Adding primers 


(in excess) 
A 74°C 
g € (165°F) 
c 
ak 


Polymerases and 
Nucleotides 


Adding 
polymerases 
and nucleotides 
(in excess) 


Synthesis of 
daughter DNA 
(polymerases, 
nucleotides, and 
primers remain 
in the mixture) 


376 


and Mammoths? 


The analysis of extinct animals with PCR is a fascinat- 
ing story. Wherever genetic material is found, it can be 
amplified. 


The DNA analysis of a mammoth that was found in 
Siberian ice 20,000 years after its death confirmed the 
expected close relationship between mammoths and 
elephants. The Russian-French-American team that is 
cutting out a Woolly Mammoth in huge blocks from the 
permafrost soil is hoping to find intact mammoth DNA 
which could be transferred into elephant egg cells for 
cloning (see Chapter 8). 


Thus, one of the first species made extinct by man could 
be recreated, as an act of gratitude. After all, we owe it 
mostly to the mammoth that humans survived the Ice 
Age. Mammoths were virtually the only source of meat. 


Insects enclosed in amber (Fig. 10.32) might actually 
have ingested dinosaur blood and thus their DNA— 
Jurassic Park stuff. However, the few intact fragments of 
DNA will be far too scarce to give us back Tyrannosaurus 
rex. 


Prehistoric mummies provide DNA that can be com- 
pared with living humans. Interestingly, there is a DNA 
database for Homo neandertalensis being built up 
alongside the database for Homo sapiens. 


E 10.13 The Sequencing of Genes 


Knowledge of the nucleotide sequence, i.e., the se- 
quence of A, G, T, and C, can be crucial, for the follow- 
ing reasons: 


e To derive the amino acid sequence of a protein en- 
coded by the gene in question 


e To determine the exact sequence of a gene 


e To identify regulatory elements such as promoter 
genes 


e To identify differences within genes 


e To identify mutations such as polymorphisms. 


Nowadays, several methods of DNA-sequencing are 
available. The most widely used method was devel- 
oped by Frederick Sanger (1918-2013) in 1977 
(Fig. 10.26) and is also called the chain termination 
method. 
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Box 10.4 Biotech History: 
Craig Venter’s Impatience or The 
Tagging of the Sequence 


Enlightenment came to Craig Venter (b. 1946) 
10km (33,000 ft) above the Pacific, when returning 
to the United States from Japan. Venter's job at the 
National Institute of Health (NIH) was to identify 

a receptor for the stress hormone adrenalin on the 
surface of heart cells. Researchers had been trying 
for years to purify the proteins and find the gene—a 
slow and expensive business! In 1986, Venter flew 
to a company called Applied Biosystems (ABI) in 
California, which had developed a new sequencing 
machine. The new system was based on Fred 
Sanger's method but used fluorescent dyes 

instead of radioactive labels. ABI 373A was able 

to analyze 24 samples simultaneously, deciphering 
approximately 12,000 letters of DNA per day. The 
machine, however, had a price tag of $100,000. 


Craig Venter with the author. 


Early in 1987, Venter's NIH lab tested the new 
"toy" by sequencing rat genes that were related 
to the adrenalin receptor. The machine proved to 
be quicker and cheaper than the manual method 
used hitherto. However, Venter's ambition 

went further. His aim was to detect the most 
interesting genes, e.g., a segment on the long arm 
of the X-chromosome (Xq28) that seemed to be 
responsible for dozens of genetically transmitted 
diseases. Venter applied for further funding from 
the NIH Genome Center under the direction of 
the great James Watson. The response to his 
application was delayed further and further. 


In the meantime, Venter started on two smaller 
projects that were to become of eminent 
importance for human genetics—one on the 
hereditary Huntington’s disease on chromosome 

4 and the other on muscular dystrophy on 
chromosome 19. In both cases, the genes he found 
were not the main culprits, but the sequencing 
machines did an excellent job on 60,000 and 
106,000 bases respectively. One of Venter's 
collaborators at the time was Francis Collins who 
was to become his rival in the Human Genome 
Project. In spite of this success, the sequencing 
procedure was still not fast enough for Craig Venter. 


And what was the enlightenment we 
mentioned earlier? The trick was to enrich 
genes in order to avoid sequencing long 
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stretches of noncoding or junk DNA, the way 
nature does it when transcribing DNA into 
RNA (see Chapter 3). Double-stranded DNA 

is transcribed into single-stranded messenger 
RNA, and the noncoding junk sequences or 
introns are eliminated. Only mature mRNA that 
makes sense, i.e., that codes for proteins, is 
transferred from the nucleus to the ribosomes 
where it is read (translated). 


If the relatively instable mRNA molecules could 
be isolated from a cell and purified, they could 

be transcribed into complementary DNA, cDNA. 
Thus, a whole cDNA library could be established. 
As we have seen in Chapter 3, this could be done 
with reverse transcriptase. Eukaryotic mRNA (only 
1-3% of the total RNA in a cell) could be easily 
separated through affinity chromatography, as 

it carries an oligo-A sequence at its 3’ terminus. 
(....AAAAA-3’). The column contains an oligo-T 
matrix with TTTTT where the AAAAAs hybridize. 
They elute from the column with a delay. 


Venter's idea was shockingly simple. With his 
colleague Mark D. Adams, he produced the 
cDNA library of a brain cell, containing tens of 
thousands of copies of genes that are active in the 
brain. This was done by transcribing mRNA into 
cDNA using reverse transcriptase. The cDNA 
was then inserted into bacterial plasmids and 
introduced into bacteria. The bacteria could now 
be grown in vitro into colonies, and individual 
colonies could be selected. Each colony 
contained the cDNA of an, as yet, an unknown 
gene that is expressed in the brain. This DNA 
could now be sequenced. The 200—300 base 
long sequence was then compared to genes in 
other organisms that had already been identified 
by the publicly funded gene database. Every 
single cDNA fragment was registered as an 
expressed sequence tag or (EST). The idea 
was as simple as it was elegant. 


Venter had dealt with the problem highly 
efficiently. He withdrew his funding application 
for the sequencing of the long arm of the 
X-chromosome, which still had not been 
processed after 2 years, complaining to Watson 
that in those 2 years, he could have sequenced 
2 million letters. Then, in June 1991, he 
publicized his new EST strategy in Science. He 
had discovered 330 new genes that are active 
in the human brain. The nervous system is 
affected by approximately a quarter of the over 
5,000 genetically transmitted diseases. At that 
time, the public NIH gene database contained 
the sequences of less than 3,000 human genes. 
Within a few months, going alone, Venter 
sequenced more than 1076 of all known genes. 


Shotgun Approach Charting New Waters 


Once the human genome had been deciphered, 
Venter, a passionate sailor, bought himself a 90- 
foot yacht, Sorcerer II. In the summer of 2002, 
Venter and his crew took it for a test run into the 
Sargasso sea near the Bermuda islands. 


Venter's interest lay in the ocean microbes. His 
expedition yielded astonishing results. The first 
six samples alone revealed more than 1.2 million 
new genes—almost 10 times more than what 
had been known to date. The genes included 
782 photoreceptor genes which code for 
enzymes that enable the microscopic organisms 
to turn sunlight into energy. 
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Instead of following the usual procedure of 
growing individual microbe cultures, the 
researchers fed the gene mix into their DNA 
sequencing machines at home—the entire 
genetic material, filtered out of 1,500L of water. 
Venter was using his shotgun approach again 
that stood him in such good stead in the Human 
Genome Project. 


It was indeed possible to put together complete 
gene sequences of entire organisms, and 
according to his analysis, the samples contained 
at least 1,800 species, among which 148 

were totally unknown bacteria species. Venter 
has started off a new discipline in research— 
ecological metagenomics. Increasingly, 
biologists and geneticists, in particular, are 
homing in on the gene pool of entire ecosystems. 


Craig Venter 
(b. 1940) 
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Fig. 10.26 Above: Frederick 
Sanger was awarded the Nobel 
Prize twice—an honor he 
shares with Marie Curie, Linus 
Pauling, and John Bardeen. 
First in 1958, only 3 years 

after he decoded the insulin 
structure, and later for DNA 
sequencing. 
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Fig. 10.27 DNA sequencing 
using Frederick Sanger’ s chain 
termination method: 


A: Structure of normal DNA 
fragments (left) and their 
analogues (right). 


B: There is a high probability that 
a DNA analogue is inserted 
into every newly synthesized 
DNA strand (here C*). 


C: The DNA for each of the four 
analogues is synthesized in 
parallel, but separately. They 
are then separated in gel 
electrophoresis according 
to size. The complementary 
sequence is read from 
the bottom upward and 
translated into the one 
looked for. 
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Fig. 10.28 DNA analysis 
through gel electrophoresis 
and Southern blotting. 


Fig. 10.29 Sir Edwin Southern 
(University of Oxford) who 
developed Southern blotting. 
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Fig. 10.30 Automatic high- 
throughput sequencing: The 
sequencing reaction products 
are separated from each other 
by capillary electrophoresis. 
DNA molecules are negatively 
charged. In an electric field, 

all the DNA moves toward the 
positive electrode. Shorter 
DNA fragments move more 
quickly through a capillary than 
do larger DNA fragments. As 
each DNA fragment reaches 
the end of the capillary, a laser 
excites its fluorescent dye. A 
camera detects the color of the 
emitted light and passes that 
information to a computer. One 
by one, the machine records 
the colors of the DNA fragments 
that pass through. 
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The main advantage of blotting techniques is that it 
makes the DNA analytes more accessible. In gel 
electrophoresis, the reaction partners (e.g., DNA probes) 
can only slowly diffuse into the gel, while the analytes 
are already wandering off. On the nitrocellulose filter, 
the analytes will not move away and are ready to be 
analyzed. 


The filter is taken out, and a radioactively labeled DNA 
probe is added. 


Hybridization begins. Free probe molecules are re- 
moved by washing. The filter is then put on an X-ray 
film. The fragments carrying hybridized DNA are shown 
as black marks in the autoradiogram. 


To honor Ed Southern (Fig. 10.29), similar blotting 
techniques were named after the other directions. While 
Southern blotting is the transfer of DNA onto nitrocellu- 
lose, Northern blotting is the transfer of RNA, while 
in Western blotting, a protein rather than a nucleic 
acid is transferred from an SDS polyacrylamide gel onto 
nitrocellulose (see the end of this chapter). The wanted 
protein is then visualized by labeled antibodies or other 
protein detection methods. 


E 10.15 Automatic DNA Sequencing 


For the amount of sequencing required for the Human 
Genome Project, methods like gel electrophoresis 
and Southern blotting were far too slow. 


What was needed were computer-aided sequencing ma- 
chines that could handle sequences larger than 500 bp 
in a single reaction. 


In the abovementioned Sanger method, the synthesized 
molecules with terminated chains are radioactively 
labeled. The DNA sequence is then read from the 
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autoradiogram. Over the last years, radiolabeling has 
been increasingly replaced by fluorescent labeling. 


The labels can be attached either to ddNTPs instead of 
radioactive labels or to the 5' terminus of a sequencing 
primer. Where different ddNTP labels are used, the re- 
action can take place in a single test tube. The sample 
is then separated in a capillary gel (extra-thin hollow 
fiber used in capillary electrophoresis) and scanned 
with a laser beam. The laser beam excites the fluores- 
cent dyes which then emit their specific color patterns 
for each nucleotide. A fluorescence detector records 
the signals emitted from the individual bands, and a 
computer converts the four different color signals into a 
DNA sequence (Figs. 10.30, 10.38, and 10.39). 


By replacing gel electrophoresis with capillary electro- 
phoresis, it became possible to analyze 96 capillaries 
containing approximately 40,000 nucleotides within 
4h. Machines containing 384 capillaries were devel- 
oped. Sometimes, over a hundred of these machines 
were used in the genome project, and even allowing 
for multiple sequencing due to reading errors, entire 
genomes could be read within a very short time span 
(Fig. 10.30). 


B 10.16 FISH — Identifying the Location on 
a Chromosome and the Number of Gene 
Copies 


How can one find out on which chromosome a gene is 
located, or whether a gene is stored in the genome as a 
single copy or occurs in multiple copies? 


FISH (fluorescence in situ hybridization) can be 
used to determine which chromosome carries a speci- 
fied gene (Figs. 10.34 and 10.35). 


The chromosomes are spread out on a slide. The com- 
plementary DNA of the gene concerned is enzymatically 


Hybridization by 
specific nucleic acid probe 


X 
E 
vt 


¡Gel 


Filter į 


ex 


labeled with fluorescent nucleotides and incubated with 
the chromosomes. 


The probe hybridizes with the relevant genes on the 
chromosome, and the labeled genes light up under a 
fluorescent microscope. Thus, the 23 human chromo- 
some pairs can be sorted according to the sizes and 
banding of chromatides—a karyotype (Fig. 10.35). 


In prenatal diagnosis, it is now possible to analyze cells 
directly, without having to first grow them in a cul- 
ture. The cells can be amnion cells from the amniotic 
fluid. The chromosome analysis of amnion cells could, 
e.g., easily detect trisomy 21 (Down's syndrome). 
However, aberrations in single cells cannot reliably pre- 
dict a chromosomal disorder in a human being; at least 
50 cells in an amniotic fluid sample must be analyzed 
in order to secure a reasonable result. FISH tests can 
detect numeric chromosomal aberrations of autosomal 
chromosomes 13, 18, and 21, as well as sex chromo- 
somes X and Y in noncultured cells from amniotic fluid. 
A method that scrutinizes the structure and composi- 
tion of chromosomes has been developed by scientists 
of the University of Jena, Germany, and the company 
Metasystems (Fig. 10.35). 


The technique called multicolor banding (Fig. 10.35) 
stands to gain particular significance in cancer diagnos- 
tics and treatment. Cancer cells carry characteristic ab- 
errations in their genetic information that distinguish 
them from normal cells. These are passed on in an un- 
controlled manner with each cancer cell division. In tu- 
mor cells, the natural order in the 23 chromosome pairs 
is upset. Parts of chromosomes are missing, having been 
reversed or attached to other chromosomes. These are 
the changes that are picked up by multicolor banding. 
The labeled chromosomes of a tumor cell fluoresce in 
all colors. Cytogenetic defects thus become apparent, 
e.g., if in both chromosomes number five, a blue ring 
is missing that is usually present in a normal cell. The 
color sequence could also be altered in the tumor cell, or 
several such defects could come together. The diagnosis 
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Removal of free 
probe molecules 


} Probes hybridized 
i with complementary 
} single-stranded DNA 


Autoradiogram 


Exposure 
of X-ray film 


requires extensive computing programs—and some 
tricks from the genetic engineering toolbox. In order to 
make the chromosome fragments glow in all colors, they 
are hybridized with fluorescent-labeled DNA probes. A 
cytogenetic multicolor banding analysis of cancer cells 
provides the basis of a more accurate prognosis for the 
individual patient, and thus for treatment appropriate to 
the risk. 


B 10.17 The Ultimate Biotechnological 
Achievement—The Human Genome 
Project 


In October 1990, the most comprehensive biotechno- 
logical project of all time was launched. It is said that 
approximately $3,000,000,000 went into the funding 
of the project. Biotechnologists and molecular biologists 
worked around the clock to map the approximately 3.2 
billion base pairs, distributed on 23 human chromo- 
some pairs (Box 10.7). The 23 pairs are composed of two 
sets of chromosomes from the parents—22 autosomal 
chromosome pairs and two sex chromosomes (female 
XX or male XY). The 3,400 million base pairs contain 
an incredible amount of information equivalent to 200 
enormous 1,000-page New York phone books—or 750 
megabytes of digital information. It could be stored on 
a single DVD. 


The smallest chromosome, the Y chromosome, re- 
sponsible for the minute difference between man and 
woman, carries 50 million base pairs; the largest, chro- 
mosome 1, contains 250 million base pairs. 


Lab pet D, the fruit fly Drosophila melanogaster, would 
take up a storage space of only 10 phone books, yeast 
just one book, and Escherichia coli would even fit into 
300 pages in the New York phone book. 


About 6,000 diseases are caused by aberrations of 
single genes. If a single word in the genetic text is 


Fig. 10.31 The author in front 
of a mammoth painting at the 
Hong Kong exhibition in honor 
of the Siberian baby mammoth 


Lyuba. 


Will you 
turn me into a 
mammoth? 

I have already 


Fig. 10.32 Insects found in 
amber inclusions may have 
ingested dinosaur blood and 
may contain their DNA. The 
insect shown here, found 

on www.amberworld.com, 
however, is only a fungus 

gnat (Mycetophilidae family), 
a harmless vegetarian not 
containing any dinosaur 

DNA. Baltic amber is roughly 
between 28 and 54 million 
years old. The Cretaceous 
amber found in New Jersey, 
Lebanon, or in Burma might 
well contain bloodsucking 
insects, but such inclusions are 
very rare. This is why the model 
for the film Jurassic Park came 
from a Baltic amber inclusion. 


Sheet vn fat Menai Алепо) 


Fig. 10.33 Five million years 
ago, primates and humans 
had common ancestors. Today, 
the difference in DNA between 
humans and primates is 1-2%. 
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Box 10.5 DNA Travel Map 1: What 
the Genographic Project Found 

Out About My DNA’s Journey Out of 
Africa 


Dear Prof. Reinhard Renneberg, 
here are your results! 

Type: Y-Chromosome 
Haplogroup: £36 (M35) 


Your STRs: 
Genes STRs 
SRY 7 M € 
RPS4Y DYS393 
ZFY DYS19 
PCDHY fi P" DYS391 
AMELY DYS439 
AZFa go. DYS389-1 
£— — DYS389-2 
DYS388 
DYS390 
ыы, DYS426 
a DYS385a 
i n DYS385b 
0 DYS392 
АЕ — 


5 Мо Ba 


How to Interpret Your Results 


DYS393:13 DYS439:12 DYS388:12 DYS385a:17 
DYS19:3 0Ү5389-1:13 DYS390:25 DYS385b:18 
DYS391:10 DYS389-2:18 DYS426:11 DYS392:11 


Above are results from the laboratory analysis of 
your Y-chromosome. Your DNA was analyzed 
for Short Tandem Repeats (STRs), which 

are repeating segments of your genome that 
have a high mutation rate. The location on 

the Y chromosome of each of these markers 

is depicted in the image, with the number of 
repeats for each of your STRs presented to the 
right of the marker. For example, DYS19 is a 
repeat of TAGA, so if your DNA repeated that 
sequence 13 times at that location, it would 
appear: DYS19 13. Studying the combination of 


researchers to place you in a haplogroup, which 
reveals the complex migratory journeys of your 
ancestors. 


was inconclusive, your Y chromosome was also 


Nucleotide Polymorphism (SNP). These are 
mutational changes in a single nucleotide base 
and allow researchers to definitively place you in 
a genetic haplogroup. 
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these STR lengths in your Y Chromosome allows 


Y-SNP: In the event that the analysis of your STRs 


tested for the presence of an informative Single 


Your Y-chromosome results identify you as a 
member of haplogroupE3b. 


The genetic markers that define your ancestral 
history reach back roughly 60,000 years to 
the first common marker of all non-African men, 
M168, and follow your lineage to the present 
day, ending with M35, the defining marker of 
haplogroup £30. 


If you look at the map highlighting your 
ancestors' route, you will see that members 
of haplogroup £30 carry the following 
Y-chromosome markers: 


М168> ҮАР> M06 2 M35 


Today, the E3bline of descent is most 
heavily represented in Mediterranean 
populations. 


Back to our African roots! My first elephant... 


What's a haplogroup, and why do geneticists 
concentrate on the Y-chromosome in their search 
for markers? For that matter, what's a marker? 


Each of us carries DNA that is a combination 
of genes passed from both our mother and 
father, giving us traits that range from eye 
color and height to athleticism and disease 
susceptibility. 


One exception is the Y-chromosome, 
which is passed directly from father 
to son, unchanged, from generation to 
generation. 


The Director of the program, Dr Spencer Wells, 
spoke on stage with representatives of indigenous 
communities who are participating in the 
Genographic field research during the April 13, 
2005 launch of the Genographic Project at National 
Geographic’ s headquarters in Washington, DC. 


Unchanged, that is unless a mutation—a random, 
naturally occurring, usually harmless change— 
occurs. The mutation, known as a marker, 
acts as a beacon; it can be mapped through 
generations because it will be passed down from 
the man in whom it occurred to his sons, their sons, 
and every male in his family for thousands of years. 


In some instances, there may be more than one 
mutational event that defines a particular branch 
on the tree. What this means is that any of these 
markers can be used to determine your particular 
haplogroup, since every individual who has one 
of these markers also has the others. 


When geneticists identify such a marker, they try 
o figure out when it first occurred, and in which 
geographic region of the world. Each marker is 
essentially the beginning of a new lineage on the 
amily tree of the human race. 


Tracking the lineages provides a picture of how 
small tribes of modern humans in Africa tens of 
thousands of years ago diversified and spread to 
populate the world. 


A haplogroup is defined by a series of markers 
that are shared by other men who carry the 
andom mutations. The markers trace the path 
your ancestors took as they moved. 


One of the goals of the 5-year Genographic 
Project was to build a large enough database of 
anthropological genetic data to answer some of 
these questions. 


Your Ancestral Journey: What We Know 
Now 


M168: Your Earliest Ancestor 


Skeletal and archaeological evidence suggest that 
anatomically modern humans evolved in Africa 
around 200,000 years ago, and began moving 
out of Africa to colonize the rest of the world 
around 60,000 years ago. 


The man who gave rise to the first genetic 
marker in your lineage probably lived in 
northeast Africa in the region of the Rift Valley, 


"EURASIAN ADAM" 
31,000 to 79,000 years ago 
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The global travel map and my own relatives’ travel (insert). 


perhaps in present-day Ethiopia, Kenya, or 
Tanzania, some 31,000-79,000 years ago. 
Scientists put the most likely date for when 

he lived at around 50,000 years ago. His 
descendants became the only lineage to survive 
outside of Africa, making him the common 
ancestor of every non-African man living today. 


But why would man have first ventured out of 
the familiar African hunting grounds and into 
unexplored lands? It is likely that a fluctuation 
in climate may have provided the impetus for 
your ancestors’ exodus out of Africa. 


The African ice age was characterized by 
drought rather than by cold. It was around 
50,000 years ago that the ice sheets of northern 
Europe began to melt, introducing a period of 
warmer temperatures and moister climate in 
Africa. Parts of the inhospitable Sahara briefly 
became habitable. As the drought-ridden desert 
changed to a savanna, the animals hunted by 
your ancestors expanded their range and began 
moving through the newly emerging green 
corridor of grasslands. Your nomadic ancestors 
followed the good weather and the animals they 
hunted, although the exact route they followed 
remains to be determined. 


In addition to a favorable change in climate, around 
this same time, there was a great leap forward in 
modern humans’ intellectual capacity. 


YAP: An Ancient Mutation 


Sub-Saharan populations living today are 
characterized by one of three distinct 
Y-chromosome branches on the human tree. 
Your paternal lineage £3a falls under one of these 
ancient branches and is referred to by geneticists 
as YAP. 


YAP occurred around northeast Africa and is the 
most common of the three ancient genetic branches 
found in sub-Saharan Africa. It is characterized by 

a mutational event known as an Alu insertion, a 
300-nucleotide fragment of DNA which, on rare 
occasions, gets inserted into different parts of the 
human genome during cell replication. 


My family history from the male side: My 
grandparents Anna and Alfred Renneberg, and me. 


A man living around 50,000 years ago, your 
distant ancestor, acquired this fragment on his 
Y-chromosome and passed it on to his descendants. 
Over time this lineage split into two distinct 
groups. One is found primarily in Africa and the 
Mediterranean is defined by marker M06 and is 
called haplogroup E. The other group, haplogroup 
D, is found in Asia and defined by the M174 
mutation. Your genetic lineage lies within the 
group that remained close to home and was carried 
by men who likely played an integral role in recent 
cultural and migratory events within Africa. 


M96: Moving Out of Africa 


The next man in your ancestral lineage was born 
around 30,000—40,000 years ago in northeast 
Africa and gave rise to marker M96. The origins 
of M96 are unclear; further data may shed light 
on the precise origin of this lineage. 


You are descended from an ancient African lineage 
that chose to move north into the Middle East. 
Your kinsmen may have accompanied the Middle 
Eastern Clan (with marker M89) as they followed 
the great herds of large mammals north through 
the grassy plains and savannas of the Sahara 
gateway. Alternatively, a group of your ancestors 
may have undertaken their own migration at a 
ater date, following the same route previously 
traveled by the Middle Eastern Clan peoples. 


Beginning about 40,000 years ago, the climate 
shifted once again and became colder and more 
arid. Drought-hit Africa and the grasslands reverted 
to desert; for the next 20,000 years, the Saharan 
Gateway was effectively closed. With the desert 
impassable, your ancestors had two options: remain 
in the Middle East, or move on. Retreating to the 
home continent was not an option. 


M35: Neolithic Farmers 


The final common ancestor in your haplogroup, 

the man who gave rise to marker M35, was born 
around 20,000 years ago in the Middle East. 

His descendants were among the first farmers and 
helped spread agriculture from the Middle East into 
the Mediterranean region. At the end of the last 

ice age around 10,000 years ago, the climate 
changed once again and became more conducive 
to plant production. This probably helped spur the 
Neolithic Revolution, the point at which the human 
way of living changed from nomadic hunter- 
gatherers to settled agriculturists. 


The early farming successes in the Fertile Crescent 
of the Middle East beginning around 8,000 years 
ago spawned population booms and encouraged 
migration throughout much of the Mediterranean 
world. Control over their food supply marks a 
major turning point for the human species. Rather 
than small clans of 30—50 people who were highly 
mobile and informally organized, agriculture 
brought the first trappings of civilization. 
Occupying a single territory required more 
complex social organization, moving from the 
kinship ties of a small tribe to the more elaborate 
relations of a larger community. It spurred trade, 
writing, calendars, and pioneered the rise of 
modern sedentary communities and cities. 


These ancient farmers, your ancestors, helped bring 
the Neolithic Revolution into the Mediterranean. 


Back to the roots! Younger son Tom Renneberg 
in Mexican jungle. 


Further reading: 


https://help.nationalgeographic.com/s/article/ 
Genographics-DNA-Ancestry 
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Box 10.6 Biotech History: At Night and the cloned DNA cut out—an extremely “Does it work?” When Mullis said yes, he finally 


laborious process. got the reaction he had hoped for. The iconic 
figure of molecular genetics, Joshua Lederberg, 
Mullis watched the lights of the cars going in pulled his sparse hair and exclaimed “Oh my 
both directions meet, pass each other and drive God, why didn’t I think of that?” 
off at the various junctions. This symphony of 
interweaving lights sparked off the crucial idea But what had really set the ball rolling, leading 
that earned him the Nobel Prize only 8 years to the discovery of the polymerase chain reaction 
ater. He stopped his car and began to draw lines: (PCR), was the first Russian satellite SPUTNIK! 
DNA duplicating in the test tube, the product of In his autobiography, Nobel Prize winner Mullis 
each cycle providing material for the next. Just 20 describes how he and his classmates practiced 
cycles would be enough to generate 1,000,000 hiding under their desks as fast as possible in case 
identical DNA molecules. Mullis woke his sleeping е Russians dropped a nuclear bomb on Columbia, 
passenger: “You won’t believe this. It is just South Carolina. The Sputnik shock caused the US 
incredible.” She mumbled something not terribly government to fund the education of their citizens. 
friendly and went back to sleep—something 13-year-old Kary Mullis asked Santa to bring him 
impossible for Mullis to achieve that night! "It was а chemistry set for Christmas, and that is how the 
difficult for me to sleep with deoxyribonuclear history of PCR began. Thanks, Sputnik! 


The bright lights of a highway sparked Mullis’ s bombs exploding in my brain," he later wrote. 
bright idea. 


on the Californian Highway 


Kary Mullis, who was working for the biotech 
company Cetus, was on his way home for the 
Weekend, zipping along the moon-lit Californian 
Highway. 


Coming back to the Cetus lab on Monday, 
He spent 3h thinking about how one could Mullis began to work feverishly on his new 
produce millions or even billions of copies of idea—and lo and behold, it worked! However, 
a specific DNA fragment. This would allow his colleagues were not terribly impressed. It was 
scientists to find the proverbial needle in a such a simple idea—surely somebody somewhere 
haystack in molecular terms. One possibility must have tried it out before. Soon afterward, 
involved inserting the DNA into ring-shaped Nobel Prize winner and Cetus consultant Joshua 
plasmids which could be introduced into Lederberg (1925-2008) (see Chapter 3) took a 
bacteria, which, in turn, would replicate millions thorough look at the poster Mullis presented at we 
of times. The plasmids could then be reisolated a conference, and asked, more or less in passing à Kary Mullis (1944-2019). 


misspelled, the cell will not produce the correct protein ¢ Bioinformatics: high performance computers are 
or will produce the wrong quantities of a protein. used for genomics and postgenomics. Contiguous 
DNA sequences are put together and checked for 
possible genes. The function of genes is predicted. 
The whole process involves huge amounts of data. 


Monogenetic diseases include phenylketonuria 
(PKU), Huntington’s disease, and cystic fibrosis. 


In more complex diseases, several genes—often doz- 
Fig. 10.34 Automatic sequencer ens of them—are involved. These diseases, including W 10.18 Genetic Genome Maps 
in the Human Genome Project. heart attack, atherosclerosis, asthma, and cancer, are 
further complicated by interactions with nutrients and The genome of an organism consists of billions of base 
environmental toxins. pairs. As the sequencing techniques described above 
only yield sequences up to 750 bp, the genome must be 
put together like a jigsaw puzzle. The publicly financed 
genome project relied on what is known as genomic 
maps to identify the location of short partial sequences. 
Genomic maps must have many unambiguous and 
In order to decipher a genome, three types of analysis evenly distributed markers, so that the pieces of the jig- 
must be carried out: saw puzzle that have been sequenced can be related to 
a marker. There are two kinds of genome maps—genetic 
n 


e Genomics: DNA sequence data are collected. 4d physical maps. 
The data are obtained as individual sequences of 
500-800 bp, which are put together to produce a 
contiguous genomic sequence. This requires an ог- 
ganizational strategy. 


Researchers are convinced that precise knowledge of the 
human genome will open up completely new pathways 
for the treatment and prevention of widespread diseases 
such as cancer and asthma. 


Gene loci can be identified by genetic methods (cross- 
breeding of lab organisms, family tree analyses in hu- 
mans). In 1994, the Human Genome Project achieved 
the goal of producing a genetic map with a marker ev- 
Fig. 10.35 FISH (top) and e Postgenomics or functional genomics: genes, pro- егу 1,000,000 bp. Two years later, the map had become 
(bottom):multicolór ere moters, and other relevant factors are located, and тоге detailed with one marker per 600,000 bp. It was 
chromosome, performed by Ilse i А : E А 

the functions of genes discovered in the process аге based on 5264 microsatellites or STRs, short tan- 


Chudoba (Metasystems Jena, 
Germany). investigated. dem repeats of the sequence CACACA. This tandem 
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Box 10.7 PCR—The DNA-Copier 
par excellence 


In a polymerase chain reaction (РСЕ), a selected 
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If the ends of the DNA fragment to be replicated 
are known, short fragments of single-stranded 
DNA, known as primers or starting sequences, 
can be synthesized. They are tailor-made to 
complement the starting loci near both ends of the 


Suppose a cycle lasts no longer than 3min—then 
it must be possible to run 20 cycles within an 
hour and produce a million copies. In theory, 
а single molecule would be enough to start the 
replication process, but in practice, at least three 


DNA fragment is augmented at an exponential rate. 
It could be any fragment of any DNA, as long as its 
base sequence at both ends is known. These ends 
are the starting points for DNA polymerase to start 
the copying process. The DNA polymerase used 

in the DNA replication process is the heat-stable 
polymerase from 7hermus aquaticus, known as 
Taq polymerase (Fig. 10.36). The heat stability of 
the enzyme is a major boon when it comes to the 
automation of the process. As the polymerase is not 
destroyed by heat and can be reused, it need not be о 
replaced at each new cycle. 


DNA fragment. to five molecules of the DNA to be replicated are 
required in order to set off the PCR process. 

To begin the PCR process, all reagents, the 

DNA template, both primers, the polymerase, 
and the DNA constituents (the four nucleotides 
A, G, C, and T, also referred to as dNTPs) 

are dissolved in a tube in a suitable buffer. In 

a thermal cycler, the following automated 
reaction takes place: 


The double helix is heated to 94°С 
(201°F) and separates into two single- 
stranded DNAs. 


After cooling down to 40-60°С 
(104-140°F), both primers bind to their 
appropriate starting loci near the ends of 
the single-stranded DNAs (hybridization). 
The short double-stranded fragments that 
arise also serve as docking points for the 
polymerase to start the copying process. 


Schematic representation of the PCR working 
principle. 


PCR is invaluable not only in research but also in 
diagnostics. Bacteria and viruses can be identified 
Two polymerase molecules work their way directly; no artificial replication process is 

oward each other from both ends of the required. PCR is increasingly used in the diagnosis 
ragment, building matching nucleotides and of hereditary diseases and cancer. 

copying the requested DNA fragment. Thus, 
two identical double-stranded daughter DNAs 
have been created. 


Real-time polymerase chain reaction, also 
called quantitative real-time polymerase chain 
reaction (QRT-PCR), is a modification of the 
polymerase chain reaction. 


Again, the temperature is raised to 94°С 
201°Е). Both daughter DNAs split into a 
otal of four single-stranded DNAs. The procedure follows the general pattern 

of polymerase chain reactions, but the DNA 

is quantified after each amplification round. 
This can be done using either fluorescent dyes 
that intercalate with double-stranded DNA 

or modified DNA oligonucleotide probes that 
fluoresce when hybridized with complementary 
DNA. 


After cooling, four primers bind to the now 
our existing ends. Polymerase produces four 
identical double-helix DNAs. 


Repetition of the cycle, and an exponential 
TOW develops: 8, 16, 32, 64, 128, 256 


Thermal cyclers: Top: MJ Research Model : 
copies, and so on. 


Tetriad; Bottom: Roche Light Cycler. 


DNA is found on all chromosomes, and their number 
in a gene locus can be established using primers that 
hybridize on both sides of the STR—e.g., 


presence of a restriction site. SNPs are loci in the ge- 
nome where at least two different nucleotides can be 
expected, i.e., point mutations. They are detected with 
short oligonucleotide probes that hybridize only one 


Primer-CACACA-Primer SNP variant (Box 10.5). 


and All these markers are variable, i.e., they occur in at least 
PrimerCACACACACACACACA-Primer two versions or allele forms. How these are passed on 

can be shown through family tree analysis or crossbreed- 
PCR is carried out, and the size of the products is es- ing experiments. 
tablished by agarose gel electrophoresis. The first PCR 
product is significantly shorter than the second and will 
pass more rapidly through the gel. The human genome 


contains at least 700,000 STRs. 


Fig. 10.36 Thermus aquaticus 
(bottom) from the hot springs 
in the Yellowstone National 
Park (top). 


E 10.19 Physical Genome Mapping 


RFPLs and SNPs are also used as markers. RFPLs can 
be detected with PCR primers, PCR, restriction cleav- 
age, and electrophoresis. This shows the absence or 


A physical genome map shows the position of specific 
DNA sequences on the DNA molecule of a chromo- 
some. The DNA markers are expressed sequence 
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Box 10.8 Biotech History: 
The Human Genome Project 


As late as the 1980s, it was still inconceivable 
that it would be possible to map the entire 
human genetic material. At that time, it was 

just possible to map the genome of a very small 
virus. The complete genome analysis of phage 
174, consisting of 5375 bases, had been carried 
out by Fred Sanger in 1977, but it took another 
20 years until the genome of the first free- 

living organism (the bacterium Haemophilus 
influenzae) was completely sequenced. 


The genome of bacteriophage Ф x 174—of 
which the protein envelope, not the DNA, is 
shown here—was the first to be sequenced 
in human history. 


In 1985, Robert Sinsheimer, Chancellor of the 
University of California in Santa Cruz, was looking 
for a new big biological project and assembled the 
cream of genome researchers on his campus. “A 
bold and exciting idea, but not feasible” was the 
general verdict, but Walter Gilbert, who was to 

be awarded the Nobel Prize for his alternative DNA 
sequencing method (he shared the Nobel Prize 
with Sanger), did not give up and found a powerful 
ally in James D. Watson (see Chapter 3). 


After the Cold War had died down, the US 
Department of Energy (DOE) was looking for new 
projects and made new funding available. However, 
many researchers were still doubtful about the 
point and the use of the whole project. It looked 
like “incredibly boring industrial-scale research.” 
Nobel Prize winner Sydney Brenner once jokingly 
suggested outsourcing DNA sequencing to prison 
inmates. The worse the crime, the larger the 
chromosome to be sequenced! 


Another reservation was that it would swallow 
up so much money that nothing would be left 
for other biological research. What was one 
supposed to do with a sequence of 3 billion 
letters, of which 97% probably had no (direct) 
function at all? Did such a project fall into the 
purview of the Department of Energy, anyway? 
The National Institute of Health (NIH), the 
umbrella organization of all biomedical research 
in the United States, was not forthcoming with 
support. A special committee of the American 
Academy of Sciences (AAS), composed of 
supporters as well as opponents of the project 
finally recommended a gradual approach. First, a 
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rough map of the genome was to be put together. 
Other genomes of various simple organisms, such 
as Escherichia coli, the yeast Saccharomyces 
cerevisiae, and the nematode Caenorhabditis 
elegans were to be sequenced in parallel, and 
new techniques were to be explored. 


The US Congress agreed to the funding, and 

the NIH came on board. In 1988, it established 
an Office for Genome Research under Watson’s 
leadership. Watson seized the unique opportunity 
in his scientific career to be involved in the 
research from the double helix to the 3 billion 
steps on the ladder of the human genome. Thus, 
the NIH took again the lead in genome research. 
Watson pursued a dual strategy of developing 
new mapping techniques while also focusing on 
the rapid identification of pathogenic genes. 


In 1989, the Human Genome Organization (HUGO) 
was founded, a worldwide organization with 
members from 30 nations. Its task was to coordinate 
all efforts in order to avoid competition and double 
work. Everything seemed to go smoothly until Craig 
Venter appeared on the scene. Venter, then still 
employed by NIH, did not want to waste time on 
sequencing junk, but to go straight for the genes that 
might be patentable and thus profitable. Just before 
the publication of Venter’s Expressed Sequence Tags 
(ESTs) article, NIH’s patent department filed an 
application for the first 347 ESTs. 


The other scientists were outraged. Watson 
publicly doubted the value of Venter’s sequencing 
method, calling it “the work of a brainless 
robot.” The EST program “might as well be 
carried out by a monkey.” As a response, Venter's 
lab staff posed for photographs, wearing gorilla 
masks. Nobel laureate Paul Berg, Vice President 
Al Gore, and everybody else agreed that the 
human genome should not be patentable. 


Watson fell out with NIH Director Bernadine 
Healy (1944—2011), who insisted on the patent 
application. In 1992, he resigned from his 
position in the genome project. The patent office 
rejected all patent applications in the first round 
in August 1992. The new director of NIH, Nobel 
Prize laureate Harald Varmus (b. 1939) took a 
final decision not to file for patents in 1994. 


Craig Venter had left NIH in July 1992 in order 
to follow a different route. A venture capital fund 
offered him $70 million (later increased to $85 
million) to help him put his plans into practice. 
Venter was delighted: "This is the dream of every 
scientist—having a benefactor who invests in 
their ideas, dreams, and abilities." 


Competition is the soul of business—state funded 
vs industrial research into the human genome 
became a real thriller, captured by Kevin Davies 
in The Sequence. In this box, we have only room 
for the major milestones. 


In 1995, Venter announced that in collaboration 
with the Johns Hopkins University, he had been 
able to map for the first time the genome of a 
free-living organism, Haemophilus influenzae. 


t had taken them just a year, using the shotgun 
echnique. NIH had rejected the shotgun approach 
as unreliable and therefore not fundable. 


n 1996, NIH-funded researchers published 

he complete genome of bakers’ yeast 
Saccharomyces cerevisiae). Venter responded 

in May 1998 by claiming that with his new 
company (Celera Genomics), he would be able 
о sequence the entire human genome at a cost of 
only $300 million, using the contentious shotgun 
echnique, and he would be able to do this within 
3 years. Watson’s successor, Francis Collins, a 
pioneer in the search for pathogenicity genes, set 
he stakes higher. By spring 2001, an outline of 

he human genome (90% of the whole sequence) 
would be mapped, and the entire genome by 
2003, 2 years earlier than originally anticipated. 
A year after this announcement, Venter produced 
he complete sequence of the Drosophila (fruit 
fly) genome. In 2000, Celera claimed to have 
mapped 90% of the human genome. Two months 
ater, the publicly funded project announced they 
had deciphered 2 billion base pairs. 


As pressure on the two rival genome research 
organizations kept increasing, the DOE intervened, 
suggesting that both parties should agree to 
publicize their results jointly—which was done 
on June 26, 2000. Craig Venter, Bill Clinton, and 
Francis Collins gave a joint press conference. In the 
short term, Clinton (and Tony Blair on the British 
side) had been able to bring the opponents together. 
However, only 5 months later, Venter refused to 
make his version accessible to a public database. In 
February 2001, the US journal Science published 
Venter's map of the human genome, and Nature 
that of the public-funded project. 


The two projects differed not only in their handling 
of finances and public relations but also in their 
basic approach. Researchers of the publicly 

funded project first divided the genome into more 
manageable portions which they reorganized before 
they began the sequencing process. Venter took the 
cheaper approach by first mechanically dissecting 
the genome, then sequencing the fragments and 
only putting them together at the end. 


The publicly funded project analyzed the DNA of 
12 anonymous donors, whereas it was rumored 
hat Celera mainly relied on the genome of one 
single human. Craig Venter ...? 


t also turned out that the oh-so-cost-effective 
private researchers would not have got anywhere 
with their shotgun approach without additional 
information from the publicly funded project. 
The Celera supercomputer used partial sequences 
made available by their competitors. 


As so often in life, the rivals were in fact 
complementing each other. 


Cited Literature: 


Davies K (2001) Cracking The Genome: Inside 
The Race To Unlock Human DNA. The Free 
Press, New York, London. 


tags (ESTs) (Box 10.8)—short sequences obtained 
from complementary DNA (cDNA), i.e., partial gene 
sequences. The method is based on the idea that only 
expressed genes are transcribed into mRNA in the cell. 
Using the mRNA as a starting point and converting it 
into DNA would produce a library of expressed genes. 
The cDNA is obtained from mRNA using reverse tran- 
scriptase (see Chapter 3). 


Although the EST sequence does not identify the gene 
itself, it helps to find its location. 


Two methods are in use: 


e Fluorescence in situ hybridization (FISH, see 
above): Two DNA probes labeled with different flu- 
orochromes are used in parallel. When the chromo- 
somal DNA is stretched and spread, it is possible to 
locate the labels very accurately. 


* A mapping agent is used which consists of a col- 
lection of overlapping DNA fragments covering the 
relevant gene or chromosome. 


ш 10.20 Which Method — Contig Versus 
Shot Gun? 


In 1998, Craig Venter, who had left the human ge- 
nome project 6 years earlier, founded his own company 
Celera Genomics (more see Box 10.9). His plan was to 
sequence human DNA faster than it was done in the 
publicly funded genome project. 


After 2 years of fierce competition, an agreement was 
reached between NIH and Celera Genomics in 2000 
that both sides would publicize their data at the same 
time. Most of the differences between the two projects 
can be put down to the difference in the methods used, 
i.e., clone contig versus shotgun. 


The approach of the publicly funded Human Genome 
Project is characterized by catch phrases like “mapping 
before sequencing" and "clone for clone." 


In the clone contig technique, the actual sequenc- 
ing is preceded by a stage during which a number of 
overlapping clones are identified. Many copies of the 
genome are cut by restriction endonucleases, resulting 
in fragments of approximately 150,000bp. These frag- 
ments are cloned into bacterial artificial chromo- 
somes (BACs) and introduced into bacteria. 


The BACs are newfangled vectors on the basis of the 
F-plasmid and can carry DNA fragments up to 300 kb. 


With the division of the bacterial cells, the human DNA 
fragments are also replicated. Each bacterium contains a 
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DNA сору. Thus, if you compare the human genome 
to a 23-volume encyclopedia, you would find, e.g.: 


Clone A contains pages 26—49 of volume 12 
Clone B contains pages 35—52 of volume 12 


Clone C contains pages 18—36 of volume 12 


Clone D contains pages 27—50 of volume 12 


However, we do not know which pages of which vol- 
ume are found in which clone. We only know that the 
clone library covers the entire genome. 


Thus, each of the clones must be put in a spatial 
context with the other clones. The clones are again 
cut up with several restriction endonucleases to produce 
a clone fingerprint. PCR is used to detect the absence 
or presence of restriction loci (this used to be done with 
Southern blotting). 


The individual cloned DNA segments are then se- 
quenced, and the sequence is stored in the right location 
on the contig map. 


If, e.g., clone A shows markers (e.g., STRs) on pages 
42 and 46, which are also found in clone B, pages 
26—52 can be reconstructed. If clone A carries markers 
on pages 27 and 30, which are also found on clone 
C, reconstruction can be extended to page 18. The 
information on clone D, however, is redundant. What 
is required is the smallest possible number of partially 
overlapping clones that cover the entire genome. This 
is called a contig. In the human genome, it amounts to 
30,000 BAC clones. 


The fragments in the BACs are too large for direct 
sequencing. They are therefore split up into subclones 
which are replicated and sequenced using a modern 
version of the Sanger chain termination method. It 


Fig. 10.40 Craig Venter' s autograph on the 48-capillary 3730 

DNA Analyzer in a Hong Kong laboratory. This analyzer is the gold 
standard in medium-to-high throughput genetic analysis. It is used 
for DNA fragment analysis applications such as microsatellites, 
SNP analysis, mutation detection, and traditional DNA sequencing. 


Fig. 10.37 Craig Venter and 
Bill Clinton (top) and Francis 
Collins (bottom). 


Fig. 10.38 Sequencing gel with 
fluorescent markers. 
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Fig. 10.39 Above: Typical DNA 
sequence printout. 

Below: A stamp 
commemorating DNA 
sequencing. 
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Find the Needle in the Haystack! 
Can a Supernova Complement PCR 


Detecting a minute amount of DNA could be compared 

o looking for a needle in a haystack. This is where the 
polymerase chain reaction method PCR comes into its own, 
as it produces millionfold quantities of “needle” material, 
making it easy to identify. However, the method requires 

a thermal cycler that heats and cools the samples, and 
emplates as well as nucleotides. 


Could there be an easier way? 


‘ig. 10.41 (p. 390) explains the principle of our novel 
Supernova method. The target DNA in a mixture is detected by 
capturing DNA on a chip, which binds to the target molecule. 
A spiky probe is attached to the overhanging end of the DNA 
needle—a nonwater-soluble nanocrystal capsule filled 
with approximately 2 million fluorescent molecules. 
Thus, both the DNA needle and the probe are bound to 

the capture DNA. All nonbound DNA is washed away 

and the content of the capsule is released by adding an 
organic solvent (DMSO) to a basic solution (NaOH). 
The 2 million fluorescent molecules become soluble, 

giving the sample a bright green fluorescent tinge, literally 
highlighting the DNA needle! 


The main 
advantage— 
No lab 
equipment 

is needed. A 
plastic tube 
suffices to 
carry the test 
wherever it 
is required. 
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Fig. 10.41 The SuperNova 
principle: Can PCR be replaced 
by simpler methods? Dieter 
Trau and 8sens. biognostic AG, 
Berlin-Buch, Germany, came up 
with an idea in 1997. 


Atoms are tightly packed in 
crystals (e.g., a diamond, 
pictured above). Fluorophore 
crystals are used to label DNA 
probes. A 100nm crystal holds 
10,000,000 molecules of the 
fluorophore! 


A fluorophore crystal used as a 
label is made water-insoluble. 
It binds to a single-stranded 
DNA. After several washing 
steps, the DNA molecule is 
bound to— in theory —100 
million detector molecules. 


When an organic solvent is 
added, the crystal dissolves, 
releasing the fluorescent 
molecules. The solution lights 
up in the brightest fluorescent 
colors ... almost like a 
supernova in space! 


The real supernova in space! 
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is obvious from this description that the clone contig 
method is laborious and expensive. Is there any 
faster and cheaper way? 


Craig Venter and Celera Genomics preferred a method 
known as shotgun sequencing, which had already 
been successfully used in the sequencing of Haemophilus 
influenzae in 1995. Without any previous mapping, 
the genome (1,830kb) was randomly fragmented 
using ultrasound and analyzed. The sequences were 
searched for overlaps. This only works if overlaps are 
found between all sequences. The ultrasound-treated 
DNA was separated in gel electrophoresis. The pu- 
tified DNA fragments were then cloned into F. coli. 
The resulting clone library contained 19,687 clones. 
In total, 28,643 sequencing experiments were carried 
out. Sequences that were too small were discarded. 
The remaining 24,304 sequences were fed into a com- 
puter, which analyzed the data for 36h and came up 
with 140 contiguous sequences (contigs). There were 
still gaps that could have been closed by sequencing still 
more ultrasound-treated fragments, but the decision 
was taken to close those gaps by using oligonucleotide 
probes and a phage library. 


Bacterial genomes were very suitable for the shotgun 
approach, as they are small and contain no or very few 
repetitive sequences. Such repetitive sequences, 
however, can wreak havoc in a eukaryotic genome if the 
shotgun approach is used because it gives rise to false 
overlaps. 


Putting the sequence data together without any refer- 
ence system is very difficult in such a large genome. 
Craig Venter developed complex computing schemes 
to sort out the sequences, but in the end, he had to 
resort to the publicly accessible physical maps of the 
Human Genome Project. 


The shotgun method was a treat for bacterial genomes 
which, apart from being small, contain only very few 
repetitive sequences. When repetitive sequences in eu- 
karyotic genes are put together, they may be wrongly 
allocated. Such errors can be avoided if a genome map is 
used to put together the sequences obtained by the shot- 
gun approach. A targeted shotgun method would be 
a reasonable compromise for the sequencing of large 
genomes, in which the shotgun-obtained sequences are 
constantly checked against a gene map. 


B 10.21 The Human Genome Project — 
Where Do We Go From Here? 


In spite of its great significance in life, the male Y 
chromosome consists mainly of junk DNA, as James 
Watson jokingly remarked. It is true that on the whole, 


human genes are thinly spread like oases in a des- 
ert of noncoding DNA and makes up just 3% of the 
total DNA. 


3.4 billion letters of the human genome must be 
searched for coding sequences. This is where bioinfor- 
matics comes in. 


Human 
Genome 
Project 
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As we cannot go into too much detail here, suffice it 
to say that disappointingly, the human, the "pinnacle 
of creation," has no more than 20,000-25,000 genes 
(as of the beginning of 2016). This is still considerably 
more than bakers' yeast (6000 genes) or the nematode 
Caenorhabditis elegans (18,000) (Figs. 10.40 and 
10.41). 


In intestinal bacteria, 78% of DNA is coding, compared 
to just 376 in humans. In terms of the Manhattan phone 
book, 7876 of the 300 bacteria pages, i.e., 234 pages, 
contain readable information, whereas in humans, the 
6,000 pages of genetic information are distributed 
over 2 million pages. What does this imply? It is defi- 
nitely not information to be read by aliens, as some SciFi 
authors have been speculating, nor is it where the soul 
or the Chinese CHI can be found (see also Chapter 9, 
RNA). 


In 2002 an international consortium launched the 
$100 million Hap Map project—the map of haplo- 
types (Fig. 10.43). Its mission was to deliver the next 
generation Human Genome Project, the discovery of 
those genes that are involved in widespread diseases, 
such as asthma, cancer, and diabetes. Participants in 
the consortium were the United States, Japan, China, 
Canada, Nigeria, and the United Kingdom, according 
to the National Human Genome Research Institute 
(NHGRI). 


HapMap has recorded genetic variations within the hu- 
man genome. By comparing genetic differences between 
individuals, it is hoped that researchers will obtain a tool 
that allows them to assess the impact of genes on many 
diseases. While the Human Genome Project provided 
the basis of genetic discoveries, HapMap was expected 
to be the first step on the way to practical applications of 
genome research results. 


The DNA used for HapMap had come from 
blood samples. Initially, researchers are pro- 
vided with samples of 200-400 people. The 
results of the analyzed genes will be freely 
available on the Internet. Once the HapMap 
project is completed, the data will be avail- 
able to scientists worldwide who do research 
into genetic risk factors for a wide range of 
diseases. Another project is the National 
Geographic Genographic Project (Box 10.5) to 
which anyone can send in their DNA and can 
find out about the migration routes of their 
ancestors, for $130. 


The scope of the Human Genome Project far 
exceeds the investigation of genetic diseases. 
New action pathways for medication are ex- 
pected to be found (pharmacogenomics), as 
well as cures for cancer. 


E 10.22... And How Can the 
Sequence of the Genome Be 
Understood? 


АП right, the DNA sequence has been stored 
in our computers now, but how are the 
genes, the 3% that make up the oases in the 
desert, to be found? As long as the amino acid 
sequence of the protein product is known, it 
is not hard to predict the DNA sequence. 
However, for most genes, that information is 
not available. 


Where does the reading begin? The DNA 
sequence of a gene is an open reading 
frame, ORF. It is a sequence of triplets, of- 
ten starting with a start codon, often TAC 
(AUG in mRNA) and ending with a stop 
codon: ATT (ОАА in mRNA), АТС (UAG), 
or ACT (UGA). 


Six reading frames need to be checked as 
genes can be aligned in both directions on the 
double helix. Let us take an idealized DNA 
sequence as a starting point. 


5'-TACATAGGAGTTGCCGTTAAATCCCATCTTACCACGACT-3' 
3 -ATGIATCCTCAACGGCAATTTAGGGTAGAATGGTGCTGA--5' 
This can be read in six frames as follows: 


TAC/A ———— — —Ó»- 14 frame 


ACA/T ———— ——Ó»- 2nd frame 


CAT/A ———— — —b- 3rd frame 


5 -TACATAGGAGTTGCCGTTAAATCCCATCTTACCACGACT-3' 
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Starting from the other end 


3 ATGTATCCTCAACGGCAATTTAGGGTAGAATGGTGCTGA-s" 


Let us now translate the third frame into 
mRNA (green) and then into amino acids 
(blue): 


5'-ТА /CATAGGAGTTGCCGTTAAATCCCATCTTACCACGACT-3' 


AU /GUA/UCC/UCA/ACG/GCA/AUU ПАС /GGU/AGA/AUG/GUG/CUG/A 


Val Ser Ser Lys Ala lle STOP! 


This is not an open frame. The sequence UAG 
on the mRNA acts as a stop signal. The se- 
quence is only partially translated. We could 
go through all the reading frames in this way. 
To cut a long story short—only the first of the 
six reading frames is open. 


5 -TACATAGGAGTTGCCGTTAAATCCCATCTTACCACGACT-3' 


AUG/UAU/CCU/CAA/ CGG/CAA/ UUU/AGG/ GUA/GAA/UGG/UGC/UGA 


Start Tyr Pro Gln Arg Gin Phe Arg Val Glu Trp Cys STOP! 


Here it is—the first complete peptide, tiny 
though it may be. 


This is how it might work in bacteria, but 
in eukaryotes, there are huge gaps between 
genes, and often there are random ORFs that 
turn out not to be genes at all. Many genes are 
divided into exons and introns. 


Once a gene has been provisionally identified, 
the database is searched for homologies—sim- 
ilar sequences in other organisms. When ho- 
mology is found, it often hints at the function of 
the gene. Even the nematode Caenorhabditis 
elegans and the fruit fly Drosophila contain 
genes that exist in humans. 


B 10.23 Pharmacogenomics 


Less than half of the patients who are pre- 
scribed extremely expensive drugs benefit 
from them, said Allen Roses, vice president 
of the Genetics Section at GlaxoSmithKline 
(GSK) (Fig. 10.48). 


The Top 10 Surprises in Genome Research 


With apologies to well-known Late Night Show 

presenter David Letterman, Francis Collins presented 

а Top 10 List at the Annual Conference of the American 

Association of the Advancement of Science (AAAS) in 

February 2001. Here is a slightly abridged version: 

* The genome appears to be lumpy with some 
chromosomes having a higher gene density than 
others. 

e Тһе total number of human genes is far lower than 
expected. 

e Dueto their capacity for alternative splicing, 
human genes are able to produce a larger number 
of proteins. 

e Due to an increase in larger areas of conserved 
proteins, human genes are more sophisticated 
than those of other organisms. 

e Моге than 200 human genes are not related to 
genes found in their close relatives, but to those in 
bacteria. This suggests that they may be a result of 
horizontal transfer from bacteria. 

e Repetitive DNA sequences are a kind of fossil 
record reaching back 800 million years into the 
past. 

e Junk DNA is eminently functional. 

e Тһе mutation rate in men is twice as high as in 
women. Thus, the majority of gene mutations in 
the gene pool come from men, who are the movers 
and shakers in evolutionary terms. 

e Humans share 99.9% of their genome. Most of 
our genetic differences appear to be racially and 
ethnically linked. There is, however, no scientific 
definition of race. 
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e And now to the NUMBER ONE: These results 
emphasize the importance of free, unhindered 
access to human genomic sequences. 


Francis Collins was given a standing ovation. 


301 


eres) BIOTECHNOLOGY FOR BEGINNERS 


Box 10.10 DNA Travel Maps 2: The 
Journey of Female Mitochondrial 
DNA 


After analyzing my own DNA by the 
Genographic Project (see Box 10.5), 

I convinced my friend Claire (who is a 
dolphin trainer in Hong Kong’s Ocean Park) 
to analyze her DNA in order to compare 
male and female, European and Asian 
samples. Here is an extract from her report 
(with her kind permission) 


Dear Claire Ma, here is the analysis of your 
mitochondrial DNA 


Type: mtDNA, Haplogroup: B (subclade B) 


Your Mitochondrial HVR I Sequence Key: 
C Substitution (transition), C Substitution 
(transversion) C Insertion/Deletion Markers: 
16140C, 16183C, 16189C, 16243C, 16311C, 
16355T, 16519C 


How to Interpret Your Results? 


Above is displayed the sequence of your 
mitochondrial genome that was analyzed in 
the laboratory. Your sequence is compared 
against the Cambridge Reference Sequence 
(CRS), which is the standard mitochondrial 
sequence initially determined by researchers at 
Cambridge, United Kingdom. The differences 
between your DNA and the CRS are highlighted, 
and these data allow researchers to reconstruct 
the migratory paths of your genetic lineage. 
Substitution (transition): a nucleotide base 
mutation in which a pyrimidine base (C or T) is 
exchanged for another pyrimidine, or a purine 
base (A or G) is replaced with another purine. 
This is the most common type of single point 
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ATTCTAATTTAAACTATTCTCTGTTCTTTCATGGGGAAGCAGATTTGGGTACCACCCAAG 60 
ATTCTAATTTAAACTATTCTCTGTTCTTTCATGGGGAAGCAGATTTGGGTACCACCCAAG 60 


КККК RK RRR К 


TATTGACTCACCCATCAACAACCGCTATGTATTTCGTACATTACTGCCAGCCACCATGAA 120 
TATTGACTCACCCATCAACAACCGCTATGTATTTCGTACATTACTGCCAGCCACCATGAA 120 


KKK KKK KR KK KKK KK KKK KK KKK KKK KKK KKK KK KKK KKK KK KKK KKK KKK KKK KKK KK ЖКК 


TATTGTACGGTACCATAAACACTTGACCACCTGTAGTACATAAAAACCCAATCCACATCA 180 


KKK KKK KK ke ee ke KK ke KKK KKK KKK KK KKK RK KK KKK RK KK KK KR KKK KKK RK ke ke KKK 


TATTETACGGTAC CAAA IC TTGACCACCTOTAGTACATAAAANC CCAATCCACATCA 180 


CCCCOCCCCATGCTTACAAGCAAGTACAGCAATCAACCCTCAACTATCACACATCA 240 


хх ххх КККК КККК kk ee hehe ok kk ke ke ke III III eek 


AAACCCCCIECCCATGCTTACAAGCAAGTACAGCAATCAACCCTCAACTATCACACATCA 240 
AA 
** 
AC 


AC 


жж 


CAACTCCAAAGCCACCCCTCACCCACTAGGATACCAACAAACCTACCCACCCTTAA 300 


Pk ke ke ke kc kc e e e he he ke ke ke e e he he ke ke e e he he he ke kc ke he he ke ke kc ke hehe kk kk e ke ke kk ke ke ke Ik I Ie 


FrcaacrcanncccncccccaccCACAGOMACEARCAAACTACCCACETO 300 


САСТАСАТАСВАСАТАААСССАТТТАСССТАСАТАССАСАТТАСАСТСАААТСС ТТСТС 360 


kk ke ke ke ke ke ke ke e [Ue e he he ЖКК he ke ke e hehe ke kk e he he he ke kc ke e he ke ke kk e ke he КК ke ke Oe e ke koe 


CAGTACATAG cR CCATTTACCGTACATAG CACATACAGTEAAATECTET 360 


GTCCCCATGGATGACCCCCCTCAGATAGGGGTCCCTTGACCACCATCCTCCGTGAAATCA 420 
GTCCCCATGGATGACCCCCCTCAGATAGGGGTCCCTTGACCACCATCCTCCGTGAAATCA 420 


SIGIR kk kkk 


ATATCCCGCACAAGAGTGCTACTCTCCTCGCTCCGGGCCCATAACACTTGGGGGTAGCTA 480 
ATATCCCGCACAAGAGTGCTACTCTCCTCGCTCCGGGCCCATAACACTTGGGGGTAGCTA 480 


KKK RAK KKK K RAKE KKK ERIK IKEA III III IERIE. 


AAGTGAACTGTATCCGACATCTGGTTCCTACTTCAGGGECATAAAGCCTAAATAGCCCAC 540 


KKK KK KKK KK KKK KKK KK KKK KK KKK KK KKK k k k k k k k KKK k k k KKK KKK KEKE ke ke k k k 


MGTSMCTGINICGACATCIGGTICACTCAGGGIEATMAGCETMMIGCCCA 540 


ACGTTCCCCTTAAATAAGACATCACGATG 569 
ACGTTCCCCTTAAATAAGACATCACGATG 569 


kkkkkkkkkkkkkkkkkkkkkkkkkkkk* 


mutation. Substitution (transversion): a base positions in your sequence where informative 
substitution in which a pyrimidine base (C or mutations have occurred in your ancestors, 
T) is exchanged for a purine base (A or G), or and tell us a great deal about the history of your 
vice versa. Insertion: a mutation caused by the genetic lineage. 


insertion of at least one extra nucleotide base in 


the DNA sequence. Deletion: a mutation caused 
by the deletion of at least one extra nucleotide 
base from the DNA sequence. 


Your Branch on the Human Family Tree 


Your DNA results identify you as belonging 

o a specific branch of the human family tree 
called haplogroup B. The map above shows 
he direction that your maternal ancestors took 
as they set out from their original homeland 

in East Africa. While humans did travel many 
different paths during a journey that took tens 
of thousands of years, the lines above represent 
he dominant trends in this migration. Over 
ime, the descendants of your ancestors spread 
hroughout East Asia, with some groups making 
it as far as Polynesia and the Americas. But 

ke you back in time and tell 
heir stories, we must first understand how 
modern science makes this analysis possible. 


before we can ta 


A string of 569 le 


ters is your mitochondrial 
sequence, with the letters A, C, T, and G 
representing the four nucleotides—the chemical 


building blocks o 


Adam and Eve, by the German painter Lucas 
Cranach (1472-1553). This celebrated work 
brilliantly combines devotional meaning with 
pictorial elegance and invention. The scene is set 
in a forest clearing where Eve stands in front of the 
life—that make up your DNA. Tree of Knowledge, caught in the act of handing 
The numbers at the top of the page refer to the an apple to a bewildered Adam. Entwined in the 


tree' s branches above, the serpent looks on as 
Adam succumbs to temptation. A rich menagerie 
of birds and animals are grouped around the tree, 
completing this beautifully seductive vision of 
Paradise in the moments before Man' s Fall. 


Here's how it works. Every once in a while 

a mutation—a random, natural (and usually 
harmless) change—occurs in the sequence of 
your mitochondrial DNA. Think of it as a spelling 
mistake: one of the "letters" in your sequence 
may change from a C to a T, or from an A to 

a С. After one of these mutations occurs in a 
particular woman, she then passes it on to her 
daughters, and her daughters' daughters, and so 
on. (Mothers also pass on their mitochondrial 
DNA to their sons, but the sons in turn do not 
pass it on.) Geneticists use these markers from 
people all over the world to construct one giant 
mitochondrial family tree. As you can imagine, 
the tree is very complex, but scientists can now 
determine both the age and geographic spread 

of each branch to reconstruct the prehistoric 
movements of our ancestors. By looking at the 
mutations that you carry, we can trace your 
lineage, ancestor by ancestor, to reveal the path 
they traveled as they moved out of Africa. Our 
story begins with your earliest ancestor. Who was 
she, where did she live, and what is her story? 


Mitochondrial Eve: The Mother of Us All 


Our story begins in Africa between 150,000 
and 170,000 years ago, with a woman whom 
anthropologists have nicknamed "Mitochondrial 
Eve." She was awarded this mythic epithet in 
1987 when population geneticists discovered that 
all people alive on the planet today can trace their 
maternal lineage back to her. But Mitochondrial 
Eve was not the first female human. Homo 
sapiens evolved in Africa around 200,000 years 
ago, and the first hominids—characterized by their 
unique bipedal stature—appeared nearly 2 million 
years before that. Yet despite humans having been 
around for almost 30,000 years, Eve is exceptional 
because hers is the only lineage from that distant 
time to survive to the present day. 


Native Americans of the Archaic Period (8000-1000 
BC) were hunters and gatherers, and their 
settlements reflect an adaptation to the abundant 
natural resources of the Tennessee region. Sites 
varied in function from base settlements to 
transient hunting or collecting camps. A camp 
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is shown here: Women are processing hickory 

nuts, whose meats are high in proteins and fats. 
Plant foods were supplemented by such animals 

as the whitetail deer, turkeys, bears, and smaller 
game like rabbits. This scene is based upon 
research by University of Tennessee, Knoxville, 
archaeologists on Archaic Period sites in Benton 
County, Tennessee, in 1940-1941 and in Monroe and 
Loudon counties in the 1970s. 


“So why Eve?” Simply put, Eve was a 
survivor. A maternal line can become extinct 
for a number of reasons. A woman may not 
have children, or she may bear only sons (who 
do not pass her mtDNA to the next generation). 
She may fall victim to a catastrophic event such 
as a volcanic eruption, flood, or famine, all of 
which have plagued humans since the dawn 

of our species. None of these extinction events 
happened to Eve's line. 


It may have been simple luck, or it may 

have been something much more. It was 
around this same time that modern humans’ 
intellectual capacity underwent what author 
Jared Diamond (see Chapter 1) coined the 
Great Leap Forward. Many anthropologists 
believe that the emergence of language gave 

us a huge advantage over other early human 
species. Improved tools and weapons, the 
ability to plan ahead and cooperate with one 
another, and an increased capacity to exploit 
esources in ways we hadn't been able to earlier, 
all allowed modern humans to rapidly migrate 

о new territories, exploit new resources, and 
outcompete and replace other hominids, such as 
the Neandertals. 


It is difficult to pinpoint the chain of events that 
ed to Eve's unique success, but we can say with 
certainty that all of us trace our maternal lineage 
back to this one woman. 


The Deepest Branches: Ancestral Line 
“Eve” >L1/L0 


Mitochondrial Eve represents the root of the 
human family tree. Her descendants, moving 
around within Africa, eventually split into two 
distinct groups, characterized by a different 

set of mutations their members carry. These 
groups are referred to as haplogroups LO 

and L/, and these individuals have the most 
divergent genetic sequences of anybody alive 
today, meaning they represent the deepest 
branches of the mitochondrial tree. Importantly, 
current genetic data indicates that indigenous 
people belonging to these groups are found 
exclusively in Africa. This means that, because 
all humans have a common female ancestor, 
“Eve,” and because the genetic data shows that 
Africans are the oldest groups on the planet, we 
know our species originated there. 


Haplogroups // and LO 
Africa and then spread t| 


ikely originated in East 
hroughout the rest of 


the continent. Today, these lineages are found 
at the highest frequencies in Africa's indigenous 
populations, the hunter-gatherer groups who 
have maintained their ancestors' culture, 
language, and customs for thousands of years. 


At some point, after these two groups had 
coexisted in Africa for a few thousand 

years, something important happened. The 
mitochondrial sequence of a woman in one of 
these groups, Z/, mutated. A letter in her DNA 
changed, and because many of her descendants 
have survived to the present, this change has 
become a window into the past. 


The descendants of this woman, characterized by 
this signpost mutation, went on to form their own 
group, called haplogroup Z2. Because the ancestor 
of L2 was herself a member of /./, we can say 
something about the emergence of these important 
groups: Eve begat £1, and L1 begat 12. Now we're 
starting to move down your ancestral line. 


Haplogroup L2: West Africa 


L2individuals are found in sub-Saharan Africa, 
and like their L/ predecessors, they also live in 
Central Africa and as far south as South Africa. 
But whereas /./ //.0 individuals remained 
predominantly in eastern and southern Africa, 
your ancestors broke off into a different direction, 
which you can follow on the map above. 


12 individuals are most predominant in West 
Africa, where they constitute the majority of 
female lineages. And because Z2 individuals are 
found at high frequencies and widely distributed 
along western Africa, L2 haplotypes represent 
one of the predominant lineages in African- 
Americans. Unfortunately, it is difficult to pinpoint 
where a specific Z2 lineage might have arisen. For 
an African-American who is L2—the likely result 
of West Africans being brought to America during 
the slave trade—it is difficult to say with certainty 
exactly where in Africa that lineage arose. 


A long way for mitochondrial DNA from Africa to 
the Ocean Park of Hong Kong ... Claire Ma isa 
most successful dolphin trainer here. 
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Haplogroup L3: Moving North, out of Africa 


Your next signpost ancestor is the woman whose 
birth around 80,000 years ago began haplogroup 
L3. It is a similar story: an individual in L2 
underwent a mutation to her mitochondrial DNA, 
which was passed on to her children. The children 
were successful, and their descendants ultimately 
broke away from the 72 clan, eventually separating 
into a new group called 7.3. You can see above that 
this has revealed another step in your ancestral line. 


While 73 individuals are found all over Africa, 
including the southern reaches of sub-Sahara, L3 is 
important for its movements north. You can follow 
this movement of the map above, seeing first the 
expansions of 1/10, then 2, and followed by the 
northward migration of L3. YourL3 ancestors are 
the first modern humans to have left Africa, 
epresenting the deepest branches of the tree found 
outside of that continent. 


Today, L3 individuals are found at high 
frequencies in populations across North 
Africa. From there, members of this group went 
in a few different directions. Some lineages within 
L3 testify to a distinct expansion event in the mid- 
Holocene that headed south and are predominant 
in many Bantu groups found all over Africa. One 
group of individuals headed west and is primarily 
restricted to Atlantic western Africa, including the 
islands of Cabo Verde. Other 73 individuals, your 
ancestors, kept moving northward, eventually 
leaving the African continent completely. 
These people currently make up around 1076 

of the Middle Eastern population and gave rise 

to two important haplogroups that went on to 
populate the rest of the world. 


Haplogroup № The Incubation Period 


Your next signpost ancestor is the woman whose 
descendants formed haplogroup М. Haplogroup 
N comprises one of two groups that were created 
by the descendants of 73. 


Haplogroup M was the result of the first great 
wave of migration of modern humans to leave 
Africa. These people likely left the continent 
across the Horn of Africa near Ethiopia, 
and their descendants followed a coastal route 
eastward, eventually making it all the way 
to Australia and Polynesia. 


Haplogroup В: Your Branch on the Tree 


One group of these early N individuals broke 
away in the Central Asian steppes and set out on 
their own journey following herds of the game 
across vast expanses. Around 50,000 years 
ago, the first members of your haplogroup B 
began moving into East Asia, the beginnings 
of a journey that would not stop until finally 
reaching both continents of the Americas 
and much of Polynesia. Your haplogroup likely 
arose on the high plains of Central Asia between 
the Caspian Sea and Lake Baikal. It is one of the 
founding East Asian lineages and, along with 
haplogroups Fand M, comprises around three- 
quarters of all mitochondrial lineages found there 
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today. Radiating out from the Central Asian 
homeland, haplogroup bearing individuals, 
your own distant ancestors, began migrating into 
the surrounding areas and quickly headed south, 
making their way throughout East Asia. 


Today haplogroup B makes up around 17% of 
people from Southeast Asia, and around 20% 
of the entire Chinese gene pool. It exhibits a 
very wide distribution along the Pacific coast, from 
Vietnam to Japan, as well as at lower frequencies 
about 376) among native Siberians. Because of 

its old age and high frequency throughout east 
Eurasia, it is widely accepted that this lineage was 
carried by the first humans to settle the region. 


n northern Eurasia and Siberia, haplogroup В 
individuals with experience surviving the harsh 
Central and East Asian winters would have been 
ideally suited for the arduous crossing of the 
recently formed Behring land bridge. During 

the last glacial maximum, 15,000-20,000 years 

ago, colder temperatures and a drier global climate 
locked much of the world’s freshwater at the polar 
ice caps, making living conditions near impossible for 
much of the northern hemisphere. But an important 
esult of this glaciation was that eastern Siberia 
and northwestern Alaska became temporarily 
connected by a vast ice sheet. Haplogroup Bbearing 
individuals, fishing along the coastline, followed it. 


Representatives of indigenous communities who 
are participating in the Genographic field research 
are attending the April 13, 2005, launch of the 
Genographic Project at National Geographic' s 
headquarters in Washington, D.C., to speak on 
behalf of their communities. 


Left to right: Battur Tumur, descendant of Genghis 
Khan, Mongolia/San Francisco, CA, United States; 
Julius Indaaya Hunume, Hadza Chieftain, Tanzania; Phil 
Bluehouse Jr., Navajo Indian, Arizona, United States. 


Today, haplogroup B is one of five 
mitochondrial lineages found in aboriginal 
Americans, and is found in both North and 
South America. While haplogroup P is very old 
around 50,000 years), the reduced genetic 
diversity found in the Americas indicates 

hat those lineages arrived only within the 

ast 15,000-20,000 years and quickly spread 
once there. Better understanding exactly 

how many waves of humans crossed into the 
Americas, and where they migrated to once 
here, remains the focus of much interest and 
is central to Genographic's ongoing research in 
he Americas. 


Recent population expansions appear to have 
brought a subgroup of haplogroup B lineages 

from Southeast Asia into Polynesia. This lineage 

is referred to as B4 (meaning the fourth subgroup 
within В) and is characterized by a set of 
mutations that took a significant amount of time to 
accumulate on the Eurasian continent. This closely 
related subset of lineages likely spread from 
Southeast Asia into Polynesia within the last 
5,000 years and is seen extensively throughout 
the islands at high frequency. Intermediate 
lineages—those containing some, but not all, 

of the B4 mutations are found in Vietnamese, 
Malaysian, and Bornean populations, further 
supporting the likelihood that the Polynesian 
lineages originated in these parts of Southeast Asia. 


Looking Forward (Into the Past): Where 
Do We Go From Here? 


Although the arrow of your haplogroup currently 
ends across sub-Saharan Africa, this is not the end 
of the journey for haplogroup В, This is where 
the genetic clues get murky and your DNA trail 
goes cold. Your initial results shown here are 
based on the best information available today— 
but this is just the beginning. A fundamental goal 
of the Genographic Project is to extend these 
arrows further toward the present day. 


Personal conclusions from the author 

After reading this detailed DNA report, Claire 
and I started to compare our DNA trails (see also 
Box 10.5). It was quite educational to see the 
place and the time when possibly her great-great- 
great (etc.)-grandma left my great-great-great 
(etc.)-grandpa in the unknown language of that 
time: 


“Okay, my stubborn dearest, here we must part! 

You go West and I go East—but don’t worry, our 
great great great- grandchildren will meet again a few 
thousand years from now in a big city! Good luck!!" 


She was (as females in most cases are) right! 
The author 


This is an open secret in the pharmaceutical industry. 
Medication against Alzheimer's disease is effective in 
ess than one in three patients and medication against 
cancer in only one in four. Drugs against migraine, os- 
teoporosis, and arthritis work in only half the patients. 
"This is because the patients have genes that interfere 
with the action of the drugs. The overwhelming major- 
ity of all pharmaceutical products—more than 90%— 
are effective in only 30-50% of patients" says Roses. He 
is an expert on pharmacogenomics. 


It is a well-known fact that the same medication can 
act differently in different people. The basis on which 
the medication is prescribed is the disease. If the doctor 
could take into account the genetic disposition of the 
patient as well, it would revolutionize medical practice. 


Side effects of drugs could also be reduced. If, e.g., 
genome researchers could identify a group of genes in- 
volved in the development of lung cancer, these genes 
could be compared in healthy people and cancer pa- 
tients. The differences (polymorphisms) between the 
two gene sequences may influence the probability of an 
individual developing cancer. Often, it is just a matter of 
mutated individual base pairs, e.g., from A to G or from 
T to C (single nucleotide polymorphism, SNP). 


The information can then be used for diagnostic 
screening. Patients with a higher risk of cancer can be 
warned, and doctors can find out which drugs work best 
for which patients. The -2AR gene, e.g., determines how 
well asthma patients respond to albuterol. Albuterol 
opens the respiratory tract by relaxing the lung muscles. 
The relevant gene exists in four to five different variants 
(alleles), which explains why, in approximately 25% of 
asthma patients, albuterol does not work (Fig. 10.49). 


A test to find out the variant of the enzyme cyto- 
chrome P-450 (see Chapter 4) in a patient could 
predict whether the patient will respond to certain an- 
tidepressants. Other tests could predict the reaction to 
frequently prescribed drugs for hypertension or migraine 
(Fig. 10.49). 


Human Genome pioneer Francis Collins (Fig. 10.37) 
predicts that in the future, tests for 25 common dis- 
eases will be available worldwide which will help 
people to change their lifestyles. By 2020, genetically 
designed drugs will be available for diabetes, hyperten- 
sion, and many other widespread diseases. By 2030, the 
genes that control the aging process will have been 
identified, and individual DNA sequencing on demand 
will cost less than $1000. By 2040, medical treatment 
will generally be genetically based, many diseases 
will be recognized even before symptoms appear, and 
individual drug or gene treatment plans will be worked 
out. 
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Personalized medical care is on the horizon. Apart 
from patients, however, there are other groups who 
would welcome such detailed genetic information—in- 
surance companies, Human Resources Departments of 
corporations, governments, and secret services. 


Collins argues that since each of us carries four or 
five totally messed-up genes and another half 
dozen of not very good genes that may involve cer- 
tain risks, this information should not be used against us. 
After all, nobody can choose their genes. 


Due to the high cost of clinical drug testing (hundreds 
of millions of dollars), the pharmaceutical industry 
has an interest in developing highly effective SNP 
diagnostic tools. This is particularly urgent because 
many drug trials fail in the later evaluation stages. At 
the heart of the medical revolution are DNA chips 
or DNA microarrays, no larger than a postage stamp 
(Fig. 10.49). 


B 10.24 DNA Chips 


With the development of DNA chips, another revolution 
has begun. Using chip technology and laser scanning or 
CCD image analysis, the DNA patterns in a sample can 
easily be identified (Box 10.10). 


DNA chips, also known as gene chips or DNA mi- 
croarrays, were developed in the early 1990s. Stephen 
Fodor (b. 1953) of Affymetrix Inc., a company in Santa 
Clara, California, came up with the idea of putting thou- 
sands of DNA probes on glass microchips in a similar 
way to how transistors are put on silicon (Fig. 10.40). 
Computer chip production methods were especially 
adapted for this purpose. Since then, DNA chip technol- 
ogy has developed in leaps and bounds. In 10 years at 
the latest, our daily life would not be imaginable without 
DNA chips (Box 10.12). 


Gene chips are broadly used in genomic DNA analysis 
and the analysis of gene activities. Many DNA tests har- 
ness dozens or even hundreds of hybridization reactions 
to provide all the information required—all from a single 
minute sample. Thanks to sophisticated technology, the 
chip itself is extremely small and everything fits on it. 
The scope of its applications is colossal: 


* [n expression profiles, the entire RNA in a cell is as- 
sessed. "Which genes produce how much of what 
RNA, leading to which proteins at a certain time?" 


e Mutation tests for DNA sequences, e.g., for AIDS 
and cancer research or pharmacogenomics. 


e SNP analysis. 


If a biochip carries enough DNA probes, DNA can be se- 
quenced. This is known as sequencing by hybridization 


e 


Fig. 10.42 Symbols of the 
Human Genome Project. 


International 
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Fig. 10.43 The HapMap project 
is to include genetic variation 
in the human genome. 


Fig. 10.44 Gene chips (DNA 
arrays) facilitate the genomic 
analysis of all organisms. 
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Fig. 10.45 Principle of SDS-PAGE. 
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Box 10.11 PCR, as Described in One 
of the Most Exciting Recent Science 
Fiction Thrillers 


"Please, Monsignor Changeux, could you tell me 
how PCR really works?" 


"PCR, Brother Mariano? With pleasure—let us 
get to the bottom of it. 


In the beginning, you have genetic material, DNA, 
which, in turn, consists of the four letters A, G, 

C, and T. Four gospels—four letters. Just as our 
Lord proclaimed his wisdom and grace in the four 
gospels, the four letters contain the essence of our 
body. They are lined up like beads on a rosary. 


Now the gospel is all about love, and in the same 
way, in DNA, the letters love each other: A loves 
T and G loves C. This is why DNA forms a double 
strand. 


Each strand has a counter-strand, just as light 
comes with shade—except, of course, for the light 
that will shine upon us when the Lord returns on 
the Day of Judgment. 


There is only one thing that will separa: 
strands—and that is heat. 


In a sweltering summer night, we would like 
to keep away from our fellow beings, while on 
a chilly winter day, we might seek each other's 
company to keep warm, and so do the DNA 
strands—they separate in the heat and come 
closer together when it becomes cooler. 


Each A will find a T, as each G finds a C to form a 
new double strand." 


Changeux took a deep breath and puffed up 
his cheeks, resembling a red balloon. His tone 
became ever so slightly pompous when he 
continued: 


"The Lord turned a single fish into thousands to 
feed the hungry. Similarly, the miracle of PCR 
turns one DNA strand into thousands, thus 
feeding the hunger for insight. Little angels are 
at work to make this miracle happen. They are 
called polymerases. 


The angels are not God, so they are not 
omnipotent. The angels need help so that they 
can copy a single DNA strand. Nothing could be 
easier—the double strand is heated and divides 
into two single strands. 


For each strand, the angels then need two little 
pieces of DNA, called primers. 


One is attached to the start, the other one to the 
end of the strand that is to be replicated. 


How is this holy work actually carried out? We 
put together the double strand, the little angels, 
and the primers and heat them up. 


The double strands separate. We cool them down, 
and the primers attach to the single strands. Now 
the angels write counter-strands for each single 
strand. What do we get then? Precisely!" said 
Changeux, pointing a fat, pink finger at Mariano: 


We get two double strands, and if we repeat 

the liturgy, we end up with four double strands. 
Cycles of hot and cold alternate. With the grace of 
God's creation and the license department of the 
X company, the number of DNA sections doubles 
each time. 


May the great work continue and praise the Lord 
who said “Be fruitful and multiply." 


If you want to find out about what these two 

men of the cloth were up to, І am afraid the book 
is so far only available in German and can be 
downloaded from a well-known online bookseller 
under the title Um Gottes Klon, by Urm Beter 
and Timmo Faust. 


The authors are here on the Freiburg market square 
near the cathedral, munching on a sausage. 


Box 10.12 DNA Chips 


DNA chips and DNA microarrays are nothing 
but an organized collection of DNA molecules, 
he sequences of which are known. They are 
usually arranged in a rectangle or square and 
may contain between a few hundred and tens of 
housands of units (e.g., 60 x 40, 100 x 100, or 
300 x 500). The location of each unit is precisely 
defined as a dot on the glass surface with a 
diameter of less than 200 um. Each unit contains 
millions of copies of a clearly defined short DNA 
fragment. The information about where to find 
which DNA in the array is retrievable from a 
computer. 


There are two distinct types of microarrays, 
using different technology: 


The oligonucleotide probe is “grown” onto silicon 
wafers one nucleotide at a time. Affymetrix uses 
this technology (shown in the figures). 


In the second type, the oligonucleotide probes 
are presynthesized and are spotted onto 
microscope slides (glass or plastic) with a special 
coating. 
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The result in both cases is surfaces containing 
many thousand single-stranded short DNA pieces 
bearing different oligonucleotide sequences. 

The sample (RNA or DNA) is amplified (by 
polymerase chain reaction) and labeled with 
fluorescent labels (or tags). The labeled sample 
hen applied to the microarray. Each piece 
sample DNA (or RNA) can only hybridize 

ith its complementary oligonucleotide probe. 
our simplified example, a single-stranded 
/A-oligonucleotide GTACTA is bound to the 

ip and "fishes" the complimentary sample 
RNA fragment CAUGAU * carrying at the end a 
fluorescent label (*). It hybridizes well. However, 
an RNA fragment like GAGACA* would not 
hybridize here. 


As each of the spots contains millions of 
oligonucleotide probes, the amount of labeled 
sample that binds within the spot is comparable 
to the amount contained within the original 
sample. 


When the microarray is scanned and the 
fluorescence of each feature is recorded, the 
intensity of the spots is proportional to the 
hybridized sample. 


1.28 cm 


В: 2: cm 


Actual size of 
GeneChip™ 


Millions of DNA strands 
built up in each cell! 


Actual strand = 
25 base pairs 


500,000 cells on each 
GeneChip™ array 


RNA fragments with fluorescent labels (tags) 
from sample to be tested 


w BS! 
ws ж 


Hybridized DNA 


The Affymetrix GeneChip system consists of a gene or probe array, hybridization oven, fluidics 


station, scanner, and a computer workstation. 


(SBH). The most straightforward practical application, 
however, is SNP analysis for tailor-made drugs. 


E 10.25 Identifying the Causes of 
Disease — Gene Expression Profiles 


Expression profiles are used to investigate the 
changes in gene activity underlying certain human 
diseases. 


In order to find out which genes are active in healthy 
and diseased tissue, the mRNAs are isolated from both 
tissue samples. Using reverse transcriptase, cDNA 
copies are made and fluorescent labels added. These 
are transferred onto gene chips containing thousands 


of gene fragments. If the labeled cDNA fragments bind 
to their complementary fragments on the chip, the ac- 
tive genes become visible. A comparison of expression 
profiles can show the differences in activity in several 
hundreds of genes, and the question is which of these 
genes cause the disease. 


Several methods are used in functional genome re- 
search to assess the candidate genes, i.e., those genes 
hat are suspected to be the cause of the disease. In a 
first step, databases are consulted about the function 
of the genes that have been identified. Thus, genes 
that are known not to upset cell metabolism can be 
excluded right away. At the end of serial trials, only a 
few candidates remain which are then tested in ani- 
al models. The idea is to find out if the genes elicit 


ch 


3 


Fig. 10.46 A single-stranded DNA 
hybridizes with a DNA probe ona 
DNA chip. 
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Box 10.13 The Expert’s View: 
Alan Guttmacher About the Dawn of 
the Genomic Era 


On April 14, 2003, the Human Genome 
Project officially ended, with the achievement 
of its ultimate goal, the completion of 

the final sequence of the human genome. 
Completing the human genome sequence was 
a truly historic technological and scientific 
achievement and has already changed the 
face of biomedical research. As important as 
was the sequence itself, the Human Genome 
Project also made other similarly important, 
even if less obvious, contributions to 
biomedical research. 


The Human Genome Project demonstrated 
that large, centrally managed projects could 
be beneficial not just in other areas of science 
such as physics but also in biomedical research. 
It also demonstrated the related principle that 
while hypothesis-driven, investigatorinitiated 
science will continue to be the major avenue 
for productive biomedical research, there is also 
a key role for research designed not to answer 
a specific hypothesis but, instead, to create 
a community resource that can then enable 
many lines of investigatorinitiated research that 
will answer a broad array of questions—often 
questions that cannot even be imagined at the 
time that creating the resource is originally 
envisioned. 


And the "community" nature of the resource 
created by the Human Genome Project was both 
a key to the success of the Project and a major 
contribution to biomedical research. A hallmark 
of the Project was that all of its data was made 
available every 24h to the entire global research 
community. This was a major move away from 
the still-prevalent model that research data 
"belong" to the investigator. While needing to 
find appropriate ways to recognize, respect, and 
reward the effort, time, and intellectual creativity 
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that the investigator invests in research, science 
moves more quickly—and society profits more 
rapidly—if research data are treated less as a 
personal trove only to be mined by the principal 
investigator and more as a community resource. 
This is particularly important in the current era 
of science, for, as the Human Genome Project 
exemplifies, we have entered an era when 
mining scientific data is perhaps even more of a 
challenge than gathering it. 


The Human Genome Project also demonstrated 
the benefit of acknowledging and addressing 
the societal context and implications of 
scientific research. Through its Ethical, Legal, 
and Social Implications (ELSI) research, the 
Project ensured that a broad array of individuals 
with many different life experiences, types 

of training, and areas of expertise actively 
considered its potentially far-reaching societal 
impact. Both the Project itself and society 
benefited from this rich area of research and 
thinking that, even after the completion of the 
Human Genome Project, has continued to be a 
valuable part of genomics. 


One more lesson of the Human Genome 
Project is that its completion marks not an 
ending, but only a beginning. As soon as the 
Human Genome Project was completed in 
2003, many voices began to talk of us having 
now entered the “Post-Genome Era.” While 
we do now have the human genome sequence 
in hand, it is more accurate to speak of us 
having just entered the “Genome Era.” And the 
distinction is important. 


We are just now poised on the brink of the 

era in which we can apply genomics—our 
knowledge of the human genome sequence 
and the many other scientific and technological 
advances wrought by the Human Genome 
Project—to better understanding biology and 
human health and disease and, perhaps even 
more importantly, to improving human health 
around the world. 


Alan E. Guttmacher, MD, has been Deputy 
director of the National Human Genome Research 
Institute (NHGRI) and has been Director of 
National Institute of Child Health and Human 
Development (NICHD) and helps oversee the 
institute’s efforts in advancing genome research, 
integrating the benefits of genome research into 
health care, and exploring the ethical, legal, and 
social implications of human genomics. 


In 2003, Dr Guttmacher and the NHGRI's 
director, Dr Francis S. Collins, coedited a series 
about the application of advances in genomics 
to medical care titled: Genomic Medicine for 
The New England Journal of Medicine. 


Alan Guttmacher also oversees the NIH's 
involvement in the US Surgeon General's Family 
History Initiative, an effort to encourage all 
Americans to learn about and use their families" 
health histories to promote personal health and 
prevent disease. 


Dr Guttmacher received his MD from Harvard 
Medical School and completed an internship 
and residency in pediatrics and a fellowship in 
medical genetics at Children's Hospital Boston 
and Harvard Medical School. He is a member of 
the Institute of Medicine. 
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the same symptoms in animals as in humans, and only 
if this is the case can the molecular involvement of the 
relevant gene in the disease be confirmed. 


Since 1995, there has been a movement toward global 
gene expression analysis. The expression profiles of 
thousands of genes are monitored simultaneously. It will 
be possible to monitor the entire transcriptome, i.e., 
the entire mRNA of a cell. Thus, all genes involved in 
pathogenic processes could be identified. 


ш 10.26 Proteomics 


Transcriptome (mRNA) analysis, as described above, 
is a useful way of studying and characterizing disease 
and predicting reactions to medication or environmental 
changes. However, the actually functional molecules in 
a cell are not mRNAs, but proteins. A transcript does 
not always correspond to the relevant protein because 
protein synthesis is often regulated independently. 


The terms proteomics and proteome analysis were 
suggested in 1995, and they represent the assessment 
of the entire protein of a cell, tissue, or whole organism. 
It is assumed that in a higher organism, each gene gives 
rise to the production of an average of 10 proteins. How 
the proteins are expressed, how they function, and how 
they interact is the subject of proteomics or functional 
genomics. 


Generally speaking, proteome analysis can be divided 
into two interlinked areas—the isolation of samples and 
separation of single proteins, and then the identification 
and detailed structural analysis of the proteins (looking 
for modifications) (Box 10.15). 


Sample separation is usually carried out in two- 
dimensional (2D) polyacrylamide gel electropho- 
resis (PAGE). As in the agarose gel electrophoresis of 
nucleic acids, the proteins are separated according to 
hydrodynamic mobility (small proteins move faster), but 
also according to electric charge. 


In contrast to nucleic acids, the charges of proteins are 
not uniform. Proteins with a negative overall charge 
migrate to the positive pole (anode), whereas the pos- 
itively charged proteins migrate to the cathode during 
electrophoresis. 


A particular variant of this method, sodium dodecyl 
sulfate (SDS) PAGE denatures proteins in the presence 
mercaptoethanol (which reduces possibly existing 
disulfide bonds into SH groups, Fig. 10.45). SDS is an 
anionic detergent (surfactant) that is completely disso- 
ciated. It disrupts nearly all noncovalent interactions 
within proteins (particularly of hydrogen bonds), thus 
unfolding" all protein structures. Micelles form, which 
mask the different charges in a protein. The negative 
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charge of the micelle is thus—just as in nucleic ac- 
ids—proportional to the size of the molecule. SDS- 
charged denatured proteins can therefore be separated 
in gels in the same way as nucleic acids. 


Then the proteins are visualized in gel by dying them 
with Coomassie Blue. Blue bands appear, and even as 
little as 0.1 ug of a protein will be visible as a band. 


Two-dimensional gel electrophoresis (2D-GE) 
(Fig. 10.52) is a more recent development which makes 
use of isoelectric focusing (IEF). A gel with a pH gra- 
dient (from low to high pH) is put in a vertical position, 
and the protein sample is applied. When a current is run 
through the gel, the proteins migrate to their isoelectric 
pH value, i.e., a position where their net charge is zero. 
A band pattern arises. Then the single-lane gel is placed 
horizontally on top of a SDS-polyacrylamide slab, and 
electrophoresis is carried out in the second dimension, 
perpendicular to the original separation. Proteins with 
the same charge are now additionally separated on the 
basis of mass. Thus, a two-dimensional dot pattern de- 
velops. The proteins have first been sorted in one direc- 
tion, according to their charges and then, perpendicular 
to that analysis, they are separated according to their 
mass. 


However, most researchers are not satisfied with 2D-GE, 
as it leaves much to be desired regarding accuracy and re- 
producibility. Another option is to add mass spectrometry. 
After separation through 2D gel electrophoresis, the 
resulting protein spots are cut out of the gel and digested 
by a protease (such as trypsin) into peptides. The protein 
can be identified by mass spectrometry (MS) via these 
peptides. 


ш 10.27 MALDI TOF —A Gas From 
Protein lons 


Originally, mass spectrometers had been developed as a 
particularly sensitive method to identify ionized atoms. 
They have also been used for a long time in the analysis 
of small inorganic and organic molecules. However, the 
analysis of large biomolecules with mass spectrometry is 
only a recent achievement, as it was not easy to detach 
these molecules individually from their watery environ- 
ment, transfer them into the vacuum of a mass spec- 
trometer, and load them with an electric charge, as well 
as prevent them from disintegrating (Fig. 10.53). 


This feat could be compared to sending an astronaut into 
space without a protective suit. Such large, charged mol- 
ecules do not become volatile just like that! They need 
some coaxing. One of the two techniques currently in 
use—matrix-assisted laser desorption ionization 
(MALDI)—was developed by Franz Hillenkamp 
(1936-2014) (Fig. 10.54) and his collaborators at the 
University of Münster, Germany. 


Fig. 10.47 A practical example 
of genotyping. The gene 

chip of Michael Yang (Hong 
Kong City University) can be 
used for the identification of 
Chinese medicinal herbs (top). 
Fritillaria cirrhosa (Chin. Chuan 
bei mu, center) is used for the 
treatment of chronic cough and 
tuberculosis. 


The worryingly low efficacy 
of drugs, according to Allen 
Roses: 


* Alzheimer's disease: 3096 
Analgesics: 8096 
Asthma: 6096 

Cardiac arrhythmia: 6096 
Diabetes: 5796 

Hepatitis C (HCV): 4796 
Incontinence: 40% 
Acute migraine: 5296 
Oncology: 2596 
Arthritis: 5096 
Schizophrenia: 6096 


Fig. 10.48 Less than half of the 
patients who are prescribed 
extremely expensive drugs 
benefit from them. 
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Fig. 10.49 Top: The first 
Affymetryx gene chip, 
developed by Stephen Fodor’ s 
team. Bottom: a modern gene 
chip. 


Fig. 10.50 Gene-based 
medication. 


Individuals vary in their 
reaction to anti-leukemia drugs 


Slow metabolism 


Weak metabolism 
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The proteins are inserted into UV-absorbing molecule 
crystals. This is done by mixing the matrix solution with 
another solution containing the protein molecules on a 
metal carrier and waiting until the solvents have evapo- 
rated. The carrier with the protein-doped crystals is put 
into a high-vacuum device and exposed to short, inten- 
sive UV laser radiation. In a quasi-explosive reaction, the 
UV-absorbing matrix molecules, and thus the proteins, 
are released into the vacuum, and a positive or negative 
charge is conveyed to the proteins in the process. 


The ions produced by MALDI are analyzed in a time of 
flight (TOF) spectrometer. The ions fly through an 
evacuated tube of roughly a meter (1.09 yard) in length. 
Their time of flight—typically around one-millionth of a 
second—is measured. The protein ions have been accel- 
erated beforehand by an electric field. Proteins with equal 
charges but different masses vary in flight speed. A protein 
ion with smaller mass will fly faster than one with a larger 
mass, and a protein with two charges is twice as fast as the 
same protein with a single charge. Thus, the time of flight 
correlates with the mass/charge ratio (m/z) of the 
proteins. The time of flight is measured by the time of flight 
analyzer. A good MALDI TOF mass spectrometer measures 
the mass of a protein with an accuracy of up to 0.001%. 


A time of flight mass spectrometer does the same job 
as a very fast and accurate SDS gel electrophoresis. 


After a blood test, 
patients are given the dose that 
suits their genetic profile 


EO 


| \ / -Q LLLP 
LEES 


Normal dose 


No mutation 


OO 
POP 


Reduced dose 


M 


Mutation in the gene 
coding for the 
enzyme TPMT 


P 


Dose 


Drug can be lethal (one single tablet) 


for an extremely slow 


metabolism 
(TPMT deficiency) 


Both determine the travel times of charged molecules. 
Mass spectrometry is the ideal complement to ТЕЕ The 
machines, however, are expensive. 


There is a second technique for creating ions of large mol- 
ecules. It is known as ESI—electrospray ionization. 


ш 10.28 Aptamers and Protein Chips 


Protein microarrays are produced in similar fashion as 
DNA arrays (Fig. 10.51). The arrays contain specific 
catcher agents such as antibodies that can be read in 
mass spectrometers such as MALDI TOF or recognized 
via fluorescent labels. However, protein chips have not 
reached the standard of DNA chips by a long shot. DNA 
chips can carry 10,000 or more spots that indicate the 
presence and the proportion of RNA in a cell extract. 


Protein biochemist Hubert Rehm, former editor of 
Laborjournal, comments: "Protein biochemists would 
love to have such a toy—ideally a chip you just chuck 
into a cell extract, and half an hour later, it would tell 
you the number, variety, modification, and concentra- 
tion of every single protein in the mixture. Some more 
demanding colleagues even ask for chips that would also 
give the concentration of metabolites such as glucose, 
lactate, etc as well as that of the oligosaccharides and 
polysaccharides [...] However, this would require more 
than a hundred thousand different monoclonal antibod- 
ies ...” So the conclusion is—it is simply unfeasible! 


Never mind—there are other possibilities, such as ap- 
tamers. Aptamers are DNA or RNA oligonucleotides 
(15-60 nucleotides) that bind specifically to proteins. 
Copious amounts of them are produced very easily and 
cheaply in DNA synthesizers. Aptamers have come to 
replace antibodies in many areas. Aptamers that bind to 
Zn?* can be just as easily produced as aptamers binding 
to ATP, peptides, proteins, and glycoproteins. Although 
they are less specific than antibodies, they can be used 
as binding indicators. At the 5’ terminus of a nucleo- 
tide, the aptamer is labeled with a fluorescent dye, and a 
quencher is added to the 3’. 


A quencher is a molecule that “extinguishes” the fluores- 
cent dye. In the absence of the analyte, the aptamer forms 
a loop, and the fluorescence is quenched. By contrast, if the 
analyte binds to the molecule, the quencher is separated 
from the fluorophore, and the aptamer glows brightly. 


Pessimists like Stephen Hawking (1942-2018) 
(Fig. 10.56) think that there have not been any significant 
changes in human DNA in the past 10,000 years. 
However, he feels that we will soon be able to increase 
the complexity of human DNA without having to wait 
for biological evolution, which is slow. 


He thinks we will be able to completely redesign it in 
1,000 years, possibly by increasing brain size, among 


other things. He considers the possibility that 
human genetic engineering will be banned 
but doubts that it can be stopped. He thinks 
that for economic reasons, plant and animal 
genetic engineering will be permitted and 
that at a later stage, the methods may be ap- 
plied to humans, where they might lead to 
improvements. 


Optimists like James D. Watson, on the other 
hand, think that genetics per se cannot be bad 
and moral considerations only apply where we 
misuse genetics. 


B 10.29 Quo vadis, Biotech? 


“In the future, computers may only weigh 
one and a half tons,” was a prognosis given 
in 1949, 


With this in mind, we will try to tread care- 
fully when predicting what is in store for us 
in the future. I am basing this forecast on an 
analysis by biotechnology Professor Oliver 
Kayser at the University of Dortmund. 


I leave it to the reader to come to their own 
verdict. Here is an overview of prognoses 
coming from a large variety of sources. 


* [n beer, wine, bread, and cheese pro- 
duction (see Chapter 3), the use of genet- 
ically engineered microbes will increase. 
Good, reliable strains will be modified, and 
the taste of the products will, if anything, 
be enhanced! 


* Inagriculture (see Chapter 7), significantly 
fewer pesticides and fertilizers will be used 
and farmers will no longer be exposed to so 
many harmful substances. On the down- 
side, biodiversity will continue to decrease 
dramatically, and the dependency on all-in- 
one seed-fertilizer-pesticide-biotechnology 
companies will increase. The latter, how- 
ever, is an economic trend that cannot be 
blamed on new technologies. 


* Biodegradable plastic and microbes 
that clean up the environment will re- 
duce the burden on the environment (see 
Chapter 6). 


Fig. 10.54 My late colleague and genius Franz Hillenkamp, 
University of Münster, built the first MALDI machine. 
Bottom: a high performance mass spectrometer. 
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Fig. 10.53 As a student, Patrick O' Farrell 
invented 2D-PAGE and succeeded in separating 
thousands of proteins from Escherichia coli. 
This is an important method, but unfortunately 
not easily reproducible. 


Thales to Proteus: 

Ready for life's effective plan! 

There you will move by norms unchanging; 
Through forms a thousand, myriad, ranging, 
You will, in time, become a man. 


J.W. Goethe: Faust Il 


Fig. 10.55 ENIAC (Electronic Numerical Integrator And 
Computer), was the first large-scale electronic digital 
computer that could be reprogrammed to solve a full 
range of computing problems. ENIAC was designed 
and built to calculate artillery firing tables for the 

US Army. The machine marked a turning point in 
computing. ENIAC weighed 30 tons, drawing enough 
energy to dim the lights of Philadelphia when it was 
run (operated at 5,000 instructions per second). 
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Fig. 10.56 Stephen Hawking (1942-2018) 
communicates with the author with eye movements 
via his computer: “... someone will improve humans 
somewhere...” 
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Box 10.14 Biotech History: 
CRISPR—A Simple and Amazingly 
Effective Tool for Targeted Genome 
Engineering 


Ever since the discovery of the DNA double 
helix structure in 1953, scientists have been 
dreaming of a simple way to directly replace 
any specific DNA sequence inside a cell 
with a sequence of their choice, thus 
rewriting genetic information at will. This 
dream was fueled by findings in the 1960s that 
at least some of the needed mechanisms for 
such replacement existed naturally. All living 
cells possess DNA repair mechanisms that act 
as spell checkers that comprise nucleases, 
enzymes that can cut out damaged DNA 

and ligases and enzymes that can glue new, 
correct pieces of DNA together. If one could 
direct these mechanisms, telling the cell which 
sequence to “repair” and what the “correct” 
sequence ought to be, the problem would be 
solved. Early approaches relied on this 
principle of DNA repair-driven replacement 

of DNA by introducing into cells synthetic 
oligonucleotides that partly matched the target 
DNA. Later, more sophisticated techniques were 
developed with engineered meganucleases that 
cut DNA at specific sites, followed by DNA 
repair. However, these and other techniques all 
proved either too laborious or imprecise. 

Easily targeted genome engineering remained 
elusive. 


Everything changed with the elucidation of 

the mechanism employed by the CRISPR Cas9 
system in 2011. Today, this system could be used 
to edit genomes with equipment available 
in any high school biology lab. It is a tool so 
powerful that routine creation of new genetic 
variants of organisms is within reach. As is often 
the case in life sciences, the development of this 
revolutionary technology followed a long and 
tortuous path through unconnected discoveries 
made by curious and smart scientists until one of 
them, Emmanuelle Charpentier, carried out 

a crucial experiment and connected all the dots 
together. 


1987: The strange repeats around the 
bacterial jap gene 


In 1987, Yoshizumi Ishino and colleagues 

at Osaka University in Japan published the 
sequence of a gene called ap, present in 
Escherichia coli, the most abundant bacterium 
of our intestinal flora. Such single gene DNA 
sequencing projects, common in those days, 
were conducted to identify the gene's coding 
region and flanking control sequences. But in 
the case of iap, scientists also found something 
unusual: a stretch of five constant DNA 
segments, made of the same 29 bases, separated 
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from each other by spacers, made of 32 base- 
pair long variable sequences. This arrangement 
did not look like anything biologists had ever 
seen before. When the researchers published 
their results, they humbly wrote: "The 
biological significance of these sequences is not 
known." 


In those early days of DNA sequencing, no one 
knew whether similar structures existed in other 
bacteria. But in the early 1990s, sequencing 
technologies started improving dramatically. 

By the end of the decade, whole genome 
sequencing projects for many bacteria were 
underway and it turned out that the strange 
structures found around the iap gene were 
present in a staggering number of bacteria 
and archaea. They were so common that 

they had to have a name, even though their 
significance was unknown. 


2002: Let's call them “CRISPR” 


In 2002, Francisco Mojica (b.1963) and 

Ruud Jansen (b. 1957) of Utrecht University 
(Netherlands) proposed to name these structures 
"clustered regularly interspaced short palindromic 
repeats" or CRISPR. Jansen's team noticed that 
CRISPR sequences were always found in the 
vicinity of genes with specific functions. Some of 
these CRISPR-associated or cas genes encoded 
nucleases (DNA cutters) while others encoded 
helicases that can unwind the DNA double 
helix. Cas proteins were clearly involved in some 
DNA transformation. 


There are three main types of CRISPR systems 
with different mechanisms. The best-studied 
system—type II CRISPR—is explained in general 
terms below. 


2005: CRISPR: A microbial weapon 
against infecting viruses? 


In 2005, three research teams independently 
described a peculiar feature of CRISPR 
spacers: their sequences matched sequences 
found in bacterial viruses. When Eugene 
Koonin (b. 1956) at the National Center 

for Biotechnology Information in Bethesda 
learned about these viral-like DNA sequences 
in CRISPR spacers, he immediately suspected 
that CRISPR and Cas enzymes constituted 

an antiviral defense mechanism. Specifically, 
Koonin proposed that bacteria use Cas 
enzymes to cut fragments of invading viral 
DNA to then insert them within their own 
CRISPR sequences. Upon subsequent infection 
with the same viral strain, the bacteria 

would use the inserted CRISPR sequence as a 
reference to recognize the invader. In essence, 
CRISPR acted as a bacterial immune system 
conferring resistance after an initial viral 
attack. 


2007: Serious yogurt science 


Rodolphe Barrangou, a scientist working at 
Danisco, a large food company, found Koonin's 
hypothesis very exciting and decided to put it 
to test. His interest was shared by his employer: 
yogurt is made through bacterial fermentation 
and outbreaks of viral infections can ruin large 
batches of yogurt cultures. 


To test Koonin's hypothesis, Barrangou and his 
colleagues first infected the milk-fermenting 
microbe Streptococcus thermophilus with 

Wo strains of viruses. The bulk of bacteria 
was killed, but not all. When the surviving 
cells were allowed to grow and multiplied, 
heir descendants proved to be resistant to 

he viruses. Some genetic modification had 
occurred! 


By sequencing the genomes of the resistant 
strains, Barrangou found new CRISPR spacer 
sequences corresponding to DNA fragments 

rom the two viruses that had infected the parent 
strains. When these new spacers were excised, 
he bacteria lost their resistance. This experiment 
directly demonstrated the immunizing role of the 
CRISPR system. 


Barrangou (now Associate Professor at North 
Carolina State University) remembers that his 
discovery led many yogurt manufacturers to 
select strains of milk-fermenting bacteria with 
customized CRISPR sequences, as a means to 
protect their yogurt fermentation processes 
against viral outbreaks. 


2012: Engineering CRISPR: The 
invention of a programmable DNA- 
cutting enzyme 


The results of Barrangou's experiment are 
simple, but the underlying mechanisms of 
CRISPR bacterial immunity are extremely 
sophisticated. This is not surprising: they were 
invented by the best engineer of all times, 
Mother Nature! 


We owe the understanding of these mechanisms 
and the emergence of revolutionary technologies 
that this understanding supports two women 
scientists: microbiologist Emmanuelle 
Charpentier (b. 1968) and structural biologist 
Jennifer Doudna (b. 1964). 


Charpentier was the first one to understand 
how the CRISPR-Cas9 type II system works. At 
the time of her pioneering discovery at Umea 
University in Sweden, she was working on 

the human pathogen Streptococcus pyogenes, 
trying to better understand how its virulence 
genes may be regulated by small RNAs. There 
are many such regulatory RNAs in S. pyogenes 
and Charpentier and her colleagues decided 


to identify all of them. While sieving through 
what is a real RNA zoo, Charpentier became 
interested in one small RNA whose gene was 
located in the vicinity of a type II CRISPR locus. 
Since it was by definition a cas gene, what role, 
if any, did it play in CRISPR-mediated immunity? 
АП CRISPR systems known at the time were 
quite complex: they employed many proteins 
but only one special RNA molecule, crRNA. 
Charpentier felt intuitively that the S. pyogenes 
system with its additional RNA was different. 
What if this additional RNA was actually doing 
some of the work carried out by proteins in 
other CRISPR systems? What if this new RNA 
(called later trans-activating RNA or tracrRNA) 
was interacting with crRNA to direct the DNA 
cutting nuclease to a particular sequence in the 
genome? 


Not only was Charpentier’s intuition right but the 
system she discovered was exceptionally simple, 
made of only two RNAs, crRNA and tracrRNA, 
and only one protein, Cas9. That meant that it 
may be reengineered for biotechnology! 


In early 2011, Charpentier met with Jennifer 
Doudna (b. 1964), a structural biologist working 
at the University of California at Berkeley. 
Doudna, who had been studying the structures 
of different CRISPR-Cas enzymes, was the ideal 
scientist to partner with to further understand 
how the system worked and how it was built. 
Together, Charpentier’s and Doudna’s teams 
unraveled the sequence of events at the heart of 
CRIPSR-mediated immunity. The first step is the 
formation of a partial tracrRNA:crRNA duplex 
(remember that RNA is mostly single-stranded 
but that it can base-pair like DNA). The double- 
stranded region is made of invariable tracrRNA 
and crRNA sequences. But a portion of crRNA 
remains single-stranded. Its sequence is variable 
and corresponds to the target. It acts as a guide 
for Cas9 to introduce a site-specific double-strand 
DNA break exactly where it is needed. The 
workings of the guided DNA cutting machine 
made perfect sense. 


The system was made even simpler when one 
of Doudna’s coworkers, Martin Jinek (b. 1979) 
genetically engineered tracrRNA and crRNA into 
one single guide RNA (sgRNA) that retained two 
critical features: a sequence at the 5’ end that 
binds to the genomic target (RNA-DNA base- 
pairing) and a duplex RNA structure at the 3’ 
side that binds to Cas9. 


This simple sgRNA/Cas9 two-component system 
became a game changer. Doudna recalls: “Once 
we understood it as a programmable DNA-cutting 
enzyme, there was an interesting transition.” The 
bacterial immunity defense system that killed 
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viruses became a tool to edit genomes. Moreover, 
by combining several different target sequences 
in a single sgRNA, multiple targeted changes 
could be introduced in a one-step procedure. And 
the modified genetic system was compact enough 
to be carried by a plasmid, ready to be introduced 
into any cell. 


The amazing work summarized above was 
published in 2012 in the journal Science 

in a landmark paper authored by Doudna 
and Charpentier and colleagues and 
entitled A Programmable Dual-RNA-Guided 
DNA Endonuclease in Adaptive Bacterial 
Immunity. 


The CRISPR-Cas9 genome editing system was 
later optimized by replacing the Cas9 of S. 
pyogenes with a much smaller enzyme found 

in Staphylococcus aureus, yielding smaller, 

more efficient plasmid constructs. In 2013, 
neurobiologist Feng Zhang (b. 1981, MIT) 

and his colleague George Church (b. 1954, 
Harvard) refined the system even further to study 
pluripotent human stem cells and the genetics of 
neuropsychiatric disorders. 


CRISPR and the Future 


The CRISPR revolution in biotechnology may be 
compared to that of computers in information 
sciences. Before the advent of CRISPR, much like 
before the advent of computers, any change in 
the design or purpose of a device (or of a living 
cell) required tedious and expensive hardware 
modifications. Just think of having to change the 
keyboard of a mechanical typewriter or creating 
a new breed of an animal. But with computers, 
a new keyboard can be created by creating and 
executing a software program, offering infinite 
possibilities on an infinite number of machines. 
In principle, CRISPR offers the same possibilities 
for genomes. 


From systematic analyses of gene function 

in mammalian cells to the study of various 
disease mechanisms in cell culture and animal 
models, CRISPR-Cas9 is having a major impact 
on functional genomics, our understanding 

of diseases, and drug discovery. CRISPR-Cas9 
applications in plants and fungi also promise 

to change the pace and course of agricultural 
research. 


Ultimately, the technology may be used as gene 
therapy, with engineered CRISPR plasmids 
correcting mutations responsible for genetic 
disorders. An even more daring application 
consists in creating a "gene driver" organism that 
carries a CRISPR-gene editing system within its 
genome. Its offspring would be edited to carry 
the desired sequence regardless of the genetic 


contribution of the other parent, overriding 
normal genetic inheritance patterns! 


In practice, such organisms would be capable of 
Spreading their genes in a wild-type population 
in record time. This gene driver technique has 
been used to create mosquitoes with CRISPR 
that targets genes necessary for the transmission 
of malaria. If all goes well, malaria may be 
eradicated sooner and faster than anyone would 
have imagined possible! 


Like any powerful tool, CRISPR gene editing 
must be used wisely. Concerns about this 
new technology include possible errors in 
target design, negative impact on other genes, 
unexpected adverse health effects, risk of 
eugenics and disruptions in the equilibrium of 
gene pools in natural populations of animals, 
plants or microorganisms. An open debate 
that brings together scientists, regulatory 
bodies, politicians, and the public is absolutely 
needed to better understand the implications 
of this technology and to establish reasonable 
guidelines that take into account the need to 
carry out research and concerns about safety 
and ethics. 


Ruud Jansen and Francisco Mojica 
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Gene therapy with CRISPR-Cas9 
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Box 10.15 The Expert's View: 
David Goodsell About the Future of 
Nanobiotechnology 


Richard Feynman: “What would happen if 
we could arrange atoms one by one the way 
we want them?” 


Nanotechnology is the science of manipulating 
materials and creating tools on the atomic scale. 
The prefix “nano” means one-billionth. Atoms 
are about 0.10 nm, so the term nanotechnology 
seems fitting. Nanotechnology deals with 
materials which are less than one-thousandth 
the diameter of a human hair. In 1959, 
scientist Richard Feynman (1918-1988) first 
highlighted the idea of nanoscience, arguing 
that studies must begin with equipment that can 
work at the atomic level. 


Since then, the field has grown enormously. 
Worldwide spending on research and 
development of nanotechnology surpasses now 
$3 billion. The US government has invested 
about $2 billion since 2000 when President 
Clinton announced the National Nanotech 
Initiative. And other countries, such as Japan and 
the European Union have likewise dramatically 
increased their funding. Within the decade, 
nanotechnology is expected to grow into a $1 
trillion industry. 


What will the nanotechnology of the 
21st century look like? 


Many people envision a technology of 
macroscopic machines shrunken to 
nanometer size: nanorobots with nanometer- 
Scale gears, pulleys, gates, and latches; 
assemblers with rigid rectilinear struts and 
circular bearings; storage tanks surrounded by 
rigid walls of diamond. These machines emulate 
in every detail the machines that we use today in 
the macroscopic world. It is a compelling vision, 
filled with exciting prospects. 


But is it the only course? 


Instead, will nanotechnology be a forest 
of trees, capturing light to create plastic 
building materials, ceramic components, 
or entire dwellings? Will nanotechnology 
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look like a stagnant pool, where cell-like 
nanomachines feverishly create tailored 
medicinal compounds, packaging them in 
custom delivery vessels? Nanotechnology may 
be a computer that runs not on electricity 

but instead on sugar and oxygen. Or 
nanotechnology may look exactly like a virus, 
but a virus customized to seek out and destroy 
cancerous tissues in each patient. 


Bionanotechnology is a reality today. 


Through a confluence of experimental 
knowledge from biology, chemistry, physics, and 
computer science, we understand the processes 
in sufficient detail to harness biomolecules 

for our own use. An entirely new realm of 
wetware, nanoscale machines that operate under 
physiological conditions, is open for the taking. 
Many of the goals of bionanotechnology and 
nanomachines may be described as augmented 
biology: We are looking for nanomachines to 
perform functions normally done by biomolecules 
or by entire cells, but to do these jobs even 
better. Wetware is perfect for these applications 
because these jobs will be performed in 
environments that are consistent with biological 
molecules—warm, wet, and salty. 


Looking forward, the possibilities, some 
speculative science and some still in the realm of 
science fiction, are tremendous. We have barely 
scratched the surface. 


A timetable for bionanotechnology 


What might we expect in the future? 


Of course, it is always dangerous to speculate, 
because unforeseen developments are at the 
heart of most cultural and scientific shifts. 
Automobiles, trains, and airplanes are steadily 
shrinking and linking the world. The discovery 
of microscopic life and the subsequent 
international effort in antisepsis have doubled 
the length of our lives. Computers have made 
entire worlds of inquiry possible and raised 
important questions about our own minds. 
The world wide web has expanded our ideas 
of information and communication. In each 
case, a scientific or engineering advance opened 
a previously unimagined world. That said, 
what might we expect of bionanotechnology 
given foreseeable advances in our current 
understanding? 


First of all, we can expect a solution to the 
protein folding problem. This will allow 
prediction of structure and function for a 
protein of arbitrary sequence, allowing the 
design of novel bionanomachines. This is a key 
step in bionanotechnology—extrapolating from 
existing machinery can only take us so far. By 
current expectations, effective computational 
methods for protein structure prediction 


should be expected in the next decade or so. 
And once natural proteins are understood, 
we can move on to the larger problem of 
improving and expanding the natural building 
materials for increasingly nonbiological 
applications. 


Cellular engineering is another probability. 
Given the rapidly growing number of genomes 
and proteomes, we will have a full parts list 

of living cells in the near future. The coming 
decades will yield an understanding of how 
these parts are arranged and how they interact 
to perform the processes of life. With this 
understanding will come the ability to modify, 
tailoring new cells for custom applications. 
Already, bacterial cells have been engineered to 
create specific products, such as growth hormone 
and insulin. In the future, we will see cells that 
clean pollution, that make plastic and other raw 
materials, that fight disease, and that are used for 
countless other applications. 


Organismic engineering will open many doors, 
but so far only natural methods are available. 

We have a long history of artificially accelerating 
evolution. People have bred organisms for 
centuries, creating organisms better fit for 
human welfare. With an understanding of the 
molecular processes of development, the exciting 
possibility of engineering organisms from scratch 
will become possible. By directly modifying the 
genome of organisms, all manner of changes 
might be made. Already, genetic engineering 

is improving the properties of agricultural 

plants and animals, although raising important 
questions about safety. We may also move on to 
engineering our own bodies, for improved health 
and welfare. 


What about unforeseeable advances? 


For this, we might look to the gray areas of 
biology and speculate on areas that might lead 
to advances as further secrets of nature are 
revealed. 


Thus far, biology appears to act at a level larger 
than the quantum scale, using deterministic 
processes. The indeterminacy of quantum 
mechanics is intimately involved in covalent 
bonding, reaction kinetics, and electron transfer, 
but in very predictable ways. We can express 
these in terms of bond lengths and rates of 
reaction or transfer so that none of the miracles 
of quantum mechanics—such as information 
traveling faster than the speed of light when 
quantum mechanical states collapse—need to 
be taken into account. This does not mean, 
however, that they cannot be harnessed. Given 
that bionanomachines operate so close to the 
quantum scale, they are the perfect candidates 
for creation of new quantum technology. Exciting 
concepts in a quantum computer and quantum 
communication are being studied in theory and 
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in physics laboratories. Bionanomachines may 
provide the pathway to translate these ideas into 
practical applications. 


Consciousness is still a mystery that 

may hold unforeseeable surprises in the future. 
Consciousness is thought by some to be an 
irreducible property, perhaps a consequence of 
quantum indeterminacy or perhaps relying on 
something more metaphysical. As the study of 
neurobiology expands, thought and memory 
appear to be solidly rooted in cellular and 
molecular structure. If consciousness also 

turns out to be reducible to physical 

principles, the creation of consciousness in 
artificial objects (beings?) will create diverse 
opportunities. The subtlety and range of response 
in biological systems may be the most successful 
way to create this mysterious property. 


Lessons for Molecular Nanotechnology 


The speculative nanotechnology proposed 

by Drexler and other molecular 
nanotechnologists is based on a method of 
mechanically adding atoms one at a time to 

a growing structure, through the use of an 
assembler. Richard E. Smalley has presented 
two problems with this approach, which he 
terms the “thick fingers problem” and the 
“sticky fingers problem.” 


The “thick fingers problem” is based on 

the atomicity of all nanomachinery. Because 

the machine is made of atoms, it cannot have 
structural details that are finer than the size 

of the component atoms. This reduces the 
options for the small constellation of atoms in an 
assembler that directly interact with the atoms 
being added to a growing product. Smalley points 
out that to generate a general-purpose assembler, 
a variety of chemical environments will be 
needed, and it will prove impossible to design 
stable robot fingers that can be placed together to 
create an atom-sized space. 


The “sticky fingers problem” is based on the 
interaction of atoms, which are far different from 
the interactions of familiar objects. 


Atoms are sticky. When they get close to 

one another, they form stable interactions 
through dispersion forces, hydrogen bonds, 
and electrostatics. Smalley points out that the 
interaction with the robot may be just as strong 
as the interaction with the product, so atoms 
may remain stuck to the robot arm. Imagine 
an analogy in our real world. Take a bag of 
marbles and coat each with a thick layer of 
rubber cement. Now, with fingers also coated 
in glue, try to build a pyramid on the table. 
Challenging. 
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DNA can be used as an attractive nanoscale building 
material for creating defined multidimensional 
structures: DNA is programmable and predictable 
and DNA oligonucleotides of any desired sequence 
are readily synthesized by automated solid support 
techniques. DNA double helices are stiff polymers, at 
least in the range of a few turns of the double helix, 
or about 10 nm. Under physiological conditions, DNA 
is relatively stable and many natural enzymes are 
available for its manipulation. 


Seeman has pioneered the use of branched DNA 
structures to create multidimensional objects 

taking a modular approach. The building blocks are 
designed from several strands that assemble to form 
a cross-shaped complex. The sequences of each leg 
of the cross must be unique to ensure that only one 
final structure is formed. 


Sticky ends are left on each branch and are used 
to link blocks together into larger structures. By 
matching the sequences of these sticky ends, 
assemblies of any shape may be designed. Large 
structures of DNA are built with modular subunits 
with sticky ends. 


A cube is created of eight three-armed modules as 
shown at the bottom. When DNA ligase is used to 
link the modules together, the structure is composed 
of eight topologically linked DNA circles. 


Origami (from Japanese ori, folded, and kami paper) 
as a traditional folk art pervaded the Japanese 
culture more strongly than any other but had its 
origins in China 2000 years ago. 


This modern origami shape is an octahedron with a 
cube-shaped opening in the center. It was originally 
created by Lewis Simon, a member of the West Coast 
Origami Guild; the replica was made by Louiza Law, 
Hong Kong. 


Of course, the fact that you are sitting here 
reading these words is proof that both of these 
problems have solutions. These problems may 
prove insurmountable for diamondoid-based 
mechanosynthesis as envisioned by molecular 
nanotechnology, but real, working solutions for 
creating objects from the bottom up by direct 
manipulation of individual atoms have been 
developed by biological systems. 


The solution discovered by nature is hierarchical, 
using atom-level nanotechnology when possible 
and self-assembly when it is not. 


Enzymes must solve both of these problems. 
They must create a molecule-sized active site 
using only atoms, and they must capture their 
substrates and release their products. Active 

sites are created with a large overhead of protein 
infrastructure around the active site, using 
hundreds of times as many atoms as are needed 
to interact directly with the substrate. This large 
infrastructure allows for the precise placement of 
atoms to form the active site, to tolerances much 
smaller than the radius of the atom. 


Products are released by carefully tailoring the 
binding strength: The active site is designed to 
bind tightly to the unstable transition state but 
not to the products. The shape of the active site 
favors reaction and then release. In many cases, 
however, the release of products remains the 
slowest step of the reaction, showing that nature 
is still plagued by sticky fingers. 


Enzymatic assembly is useful for a certain class 
of reactions. In general, the enzyme must be 
able to surround the molecules being modified, 
creating an enclosed chemical environment. This 
is excellent for the creation of custom organic 
molecules and linear polymers. 


But for the creation of large, three-dimensional 
objects, the approach fails. Enzymes are not 
generally effective when faced with a flat wall 
and asked to make changes. So self-assembly is 
used to create larger structures. 


The design of protein and nucleic acid polymers 
that spontaneously fold into stable, globular 
structures allows the design of modular units, 
which then self-assemble into objects of any 
desired size. These 10—100-nm modules are 

far easier to manipulate than individual atoms, 
and a variety of modification machinery can lay 
bricks, modify surfaces, activate modules on-site, 
cross-link modules once assembled, and countless 
other variations. 


As we work to design synthetic methods for 
nanotechnology, there are two key lessons to 
be learned from biology—lessons that are also 
learned from chemistry. 


First, a combination of specific atoms into 
molecules is a difficult and challenging task. 
In both biology and chemistry, each new 
molecule, each new bond, requires the design 
of a custom technique. By all expectations, if 
we desire to build objects atom by atom, we 
will have to employ a large set of construction 
tools tailored specifically for each new assembly 
task. If, however, we are willing to step up one 
level coarser and use polymers to build our 
nanoscale objects, the construction task becomes 
immeasurably easier. 


Then a single synthetic reaction may be used 
in all cases, but a wide variety of monomer units 
can be used to create a variety of final products. 
With polymers, we cannot choose any arbitrary 
combination of atoms. We are limited to the 
polymeric linkage scheme that we choose. But 
we gain incredible ease of synthesis and flexibility 
of design specification. Looking to nature and 
chemistry, we see a combination of the two 
techniques: designing specific molecules, atom 
by atom, through laborious design of appropriate 
enzymes and using proteins, plastics, and other 
polymers when larger structures are needed. 


Biotech Tree: 
The Roots and Fruits of 
Biotechnology 
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Final Thoughts 


The potential of bionanotechnology for feeding 
the world, improving our health, and for 
providing rapid and cheap manufacturing with 
environmental mindfulness, is immense. But we 
must temper this excitement with careful thought. 


The philosophy of manifest destiny, that all 
things are provided for our use, is an integral 
part of Western culture, and is often followed 
without introspection and thought as to the 
potential outcomes. It would serve us well 

to look to Nature—to her world-spanning 
interconnectedness, to her unassuming creativity, 
to the sheer wonder of her accomplishment—for 
guidance as we proceed, tempering the strong 
cultural forces of novelty and capital gain. 
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Fig. 10.57 Cutting-edge 
research by Peter Fromherz: A 
neuron from a freshwater snail 
(Lymnaea stagnalis) is part of a 
neuronal network, immobilized 
іп а саде on a chip which 
measures the stimulation of 
the nerve cells as well as the 
resulting signals. The neurons 
grow together, forming electric 
synapses. 


Fig. 10.58 Bioelectronics is 

at the interface between chip 
technology, biotechnology, 

and informatics and is set to 
produce major biotechnological 
breakthroughs in the near 
future. 


Fig. 10.59 Nerve cell from a rat 
brain on a silicon chip. In the 
center, field-effect transistors 
are visible, which measure the 
neuronal signals. 
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e Biotech will have an enormous impact on the 
pharmaceutical industry (see Chapters 4 and 9). 
Genetic engineering, vaccine production (see 
Chapter 5), and diagnostics will revolutionize the 
treatment of heretofore untreatable diseases. 


e Biotech pharmaceuticals currently make up 5% of 
the enormous pharmaceutical market worldwide. 
This share will probably rise to 15% by 2050. 


e Since 1995, the number of biotech patents has 
been increasing by 25% per year. 


e Effective vaccinations against AIDS and malaria 
will become possible (see Chapter 5). 


e With the incredibly fast growth of gene diagnostics (in 
this chapter), it will be possible to produce an individual 
genetic profile within the hour for no more than $100. 


e Hundreds of new genetic and immune tests wil 
make blood products safer. Cheap biotest strips 
and biochips will be able to test several parame- 
ters simultaneously within minutes (e.g., the case of 
heart attacks). Medically untrained people will be 
able to carry out these tests. 


e Personalized medicine and diagnostics on bio- 
chips will be the main focus of the industry over the 
coming decades. 


e Proteomics and pharmacogenomics will detect 
heretofore unknown markers that will enable the 
treatment of illnesses before the first symptoms show. 


e There will be an end to the chronic shortage of donor 
organs, due to the availability of organ xenotrans- 
plants from transgenic animals. 


e Stem cells (see Chapter 9) will be crucial for the treat- 
ment of Parkinson’s and Alzheimer’s disease, leuke- 
mia, and genetic defects such as adenosine deaminase 
deficiency (ADA) and cystic fibrosis (CF). However, 
a decisive breakthrough is not expected to happen 
within the next 10 years. The discussion of the ethical 
and social implications of stem cell treatment will con- 
tinue. The public needs to be won over, and the risks 


Fig. 10.60 Researchers at Cornell University built a nanopropeller 
out of inorganic materials fueled by ATP synthase. The tricky 

bit was finding a way to connect the biological to the inorganic 
components. First, support for the machine was created by 
electron beam lithography. It was composed of an array of 
nanoscale posts, 50-120 nm in diameter and 200nm tall. 


These were coated with nickel to provide a hold to attach the 
motor. Then an engineered version of ATP synthase was created, 
with histidine-rich tails attaching the motor to the posts. Finally, 
the nanopropeller was attached to the axle of the motor. 


The propeller was a rod 150nm in diameter and 740-1,400nm 

in length, coated with nickel. A molecular linker was created, 
composed of a histidine-rich peptide and biotin. The peptide bound 
to the propeller, while streptavidin was used to link the biotin on 
the nanopropeller. Of the 400 posts created on the chip, five sites 
were seen to rotate when ATP was added. The working propellers 
turned for several hours before the propellers broke loose. 


Victor Hugo 
(1802-1885) was a 
French poet, novelist, 
playwright, essayist, 
visual artist, statesman, 
and human rights 
campaigner. 


Hugo is sometimes 
identified as the 
greatest French poet. 
His work touches upon 
most of the political and 
social issues and artistic 
trends of his time. 


involved need to be carefully assessed. The obvious 
benefit for patients will certainly work in favor of the 
new technology. However, serious reservations that 
do exist in various quarters must be respected. 


* The benefit of biotech for the individual as 
Well as society will become apparent. More and 
more people will benefit from life-saving biotech, 
which will raise the acceptance level of the industry. 


e From 2010, essential human proteins will be pro- 
duced by gene-pharmed plants and animals (see 
Chapters 7 and 8). 


* Gene therapy and nanorobots are expected to be- 
come available. 


The most intriguing arena in modern science seems to 
be nanobiotechnology. Biomolecules are used to build 
molecular machines, e.g., nanobioengines that run on 
ATP just like bacterial flagella (Fig. 10.60). 


Biosensors for glucose are the first bioelectronic prod- 
ucts on the market. The latest development are neurons 
growing on chips that transfer signals to the actual chip 
(Figs. 10.57 and 10.60). 


(See Fig. 10.60.) 


ЕЎ 


LLIN 
e, 


Victor Hugo (1802 - 1885) 


Epilogue 


As prophesized Victor Hugo— There is nothing so 
powerful as an idea whose time has come. The time for 
the biotechnology idea has come, and we will all witness 
amazing developments! 
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Useful Weblinks 


Interview with Emmanuelle Charpentier: https://www.youtube.com/watch?v=pg9U70opR20 


The author RR hosting Emmanuelle Charpentier 5 years before the Nobel in Hong Kong: https://www. 
youtube.com/watch?v=sxosqyU_aNg 


All about HGP: http://www.genome.gov/10001772 


Perfect online teaching about DNA: The Cold Spring Harbor Laboratory Dolan Learning Center: https:// 
www.dnalc.org/ 


CRISPR/Cas and its implications by Jennifer Doudna: https://www.youtube.com/watch?v- PUSbCfIZEM 
Another good introduction to CRISPR/Cas9 https://www.technologyreview.com/video/crispr-decoded/ 


Fantastic website of National Human Genome Research Institute with great animations for beginners: 
WWW.genome.gov/ 


Sir Alec Jeffreys’ website: http://www.le.ac.uk/genetics/ajj/index.html 

Howtotestyourblood glucose (sugar) levels (2:52): https://www.youtube.com/watch?v-rMMpeLLgdgY 
How Quantum Biology Might Explain Life's Biggest Questions: https://www.youtube.com/ 
watch?v- qgSzIUmcBM 


Cracking the Code Of Life, PBS Nova, 2001 (1:55:41): https://www.youtube.com/watch?v=ObGUes 
6cleU 


8 Self-Test Questions 


1. 


Which disease is on its way to becoming 
the most common disease of all, and how 
can biosensors help in its identification 
and control? 


Which chemical substance is detected 

in a pregnancy test? Does the test work 
immediately after the fertilization of an 
egg cell? 


Which property of DNA and its fragments 
permits separation in a gel through which 
an electric current runs? 


Which are the two basic methods of 
multiplying DNA? 


How many DNA copies can be produced 
within an hour, using one of the methods 
in the previous question, supposing one 
cycle runs for 3 min? 


What happens with protein molecules in 
MALDI? 


How does the shotgun method differ 
from the Contig method in the Human 
Genome Project, and which of them 
yielded quicker reliable results? 


What do genomics and proteomics stand 
for? 
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Reinhard Renneberg, Emmanuelle Charpentier, and 
Prof King Chow (HKUST) in Hong Kong. 


7ТМ Receptors, heptahelical receptors, 
serpentine receptors, G protein-linked 
receptors (GPLRs), or G protein-coupled 
receptors (GPCRs) — Receptors with seven 
trans-membrane helices that ensure the 
transduction of signals. Binding of a ligand 
from the cell’s surroundings to the 7TM 
receptor causes a conformational change 
that activates a > G protein. GTP binds to 
the G protein, which, in turn, prompts the 
production of adenylate cyclase enzymes. 
The enzymes produce the second messenger 
cAMP. A rise in cAMP concentration has a 
feedback effect on the original signal. After a 
while, GTP is converted into GDP and P; and 
the G protein returns to its inactive state. 


A 


Accommodation The ability of the eye to focus 
on objects at different distances. This is 
achieved by actively modifying the refractive 
power of the dioptric apparatus. 

Acetylcholine esterase (AchE) It degrades 
— acetylcholine once it has bound to the 
receptors of the postsynaptic neuron and has 
elicited a nerve impulse. 

Activated sludge process A processing 
biological stage in sewerage works where 


microorganisms metabolize organic pollution, 


helping to purify wastewater. 

Activation energy The minimum energy 
required for the onset of a nonspontaneous 
chemical reaction. Activation energy can be 
visualized as the height of a barrier between 
two energy levels. — Biocatalysts such as 
enzymes lower this barrier drastically. 

Active site The active site of an enzyme 
contains the binding sites for the substrate 
and the active — biocatalytic site. It is also 
often the site where an enzyme is inhibited. 
In such a case, > inhibitor and — substrate 
bind to the same site in a competitive way, 


e.g., acetylcholine (substrate), nerve gas 
(inhibitor), and acetylcholine esterase. 


Adenoviruses, family of Adenoviridae 
Nonenveloped viruses with an icosahedral 
(20-surface) capsid and linear > dsDNA. 

Aerobes Organisms that need oxygen from the 
air (0,) for survival. 

Affinity chromatography A highly specific 
— chromatography separation method, 
where the substances to be purified in the 
columns are specifically recognized (bound) 
by — antibodies or in the case of > enzymes 
to be purified — based on specific affinities to 
ligands such as substrates, inhibitors or 
— cofactors —on the stationary phase. 

Allostery (Greek &AXoc allos, other) and 
otepedc stereos solid (object), describing 
a distinct place/site A type of > enzyme 
regulation whereby the regulating substance 
binds to the enzyme outside the — active 
site. 

Anabolism Metabolic pathways that lead to 
the construction of molecules from smaller 
units while using energy. Opposite of 
> catabolism. 

Anthers In flowering plants, the pollen- 
producing organs. 

Antibiotics Substances or compounds that 
inhibit the growth of bacteria (bacteriostatics) 
or kill bacteria (bacteriocides and 
bacteriolytics) and are widely applied in 
medicine. Antibiotics are often produced 
by microorganisms, giving them a potential 
selective advantage over their food 
competitors. 

Antibodies Immunoglobulins — Proteins 
that are part of the immune system. They 
bind noncovalently and specifically to 
their particular antigens. They are highly 
variable, which increases the probability 
that a suitable antibody to any antigen can 
develop. The economic role of antibodies 
in biotechnology is considerable, as they 
are used in treatment (e.g., targeted drug 
administration with > monoclonal antibodies 
in cancer therapy) as well as analytics (e.g., in 
affinity chromatography). 

Antigens — Proteins, carbohydrates, lipids, 
or other substances to which — antibodies 
or > lymphocyte receptors bind specifically 
(which leads to the formation of antibodies to 
the antigen in question). 

Apoptosis A series of genetically programmed 
steps that leads to programmed cell death. 
Aptamers (from the Latin aptus: fit, and Greek 

meros: part) Oligonucleic acid or peptide 
molecules that bind to a specific target 
molecule. Aptamers are usually created 

by selecting them from a large, random 
sequence pool, but natural aptamers also 
exist in riboswitches. Aptamers can be used 
for both basic research and clinical purposes 


as macromolecular drugs. Aptamers can be 
combined with ribozymes to self-cleave in the 
presence of their target molecules. 

ATP Adenosine triphosphate, the universal 
form in which energy is available in cells, due 
to the energy-rich phosphate bonds (energy 
maintenance of cells). 

Autoradiography The visualization of a 
chemical component on photographic film 
or using radiation detectors with the help 
of radioactive isotopes— important for DNA 
sequencing using the Sanger method. 

Auxins Natural or synthetic growth and 
development regulators in plants (class of 
phytohormones, — hormones). 


Bacteriophages Viruses that have bacteria or 
Archaea cells as hosts. They are important 
tools in gene technology, as they are used as 
vectors to introduce foreign DNA into target 
cells. 

Biocatalysis Lowering — activation energy 
levels for a chemical reaction with the help 
of — enzymes. The process, catalysis, brings 
about thermodynamic equilibrium more 
rapidly. This does not affect the position of 
the equilibrium (in terms of the reactant- 
product ratio) and the catalyst is unaffected 
by the reaction, i.e., it is not used up. The 
enzymes can, however, lose their activity over 
time or be degraded by proteases. 

Biocatalysts Mediators of > biocatalysis; the 
term may refer to the ^ enzyme itself, but 
occasionally also to entire cells (and all the 
enzymes produced by them). 

Biological indicators Organisms or 
communities in which a correlation exists 
between the degree of contamination of 
the environment with certain pollutants 
and the degree of pollutant accumulation, 
physiological impairment, or even damage to 
the organism. 

Bioluminescence The radiation of visible 
light by living organisms without 
temperature change. The underlying 
principle of luminescence is the oxidation 
of the > enzyme — luciferase, which is the 
biocatalyst in this reaction. 

Bioreactor (fermenter) Various types of 
containers in which (animal, plant, and 
microbial) cells are cultured on a substrate 
(for a particular purpose). The modified 
— product (e.g., cheese or beer), the cells 
themselves (e.g., single-cell protein [SCP] 
or components of their metabolic products 
that were obtained through purification from 
the fermentation broth, such as ethanol, 

— antibiotics or —^ monoclonal antibodies, 
are then ready for further use. Bioreactors 
can vary in volume from a few milliliters on a 
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laboratory scale to thousands of cubic meters 
on a large industrial scale. 

Biosensors Measuring devices in which a 
biologically active component (sensor) is 
combined with a signal converter and an 
electronic detector and amplifier to form 
a unit. Interaction between molecules and 
the coupled biological sensor produces 
a biochemical or optical signal that is 
displayed by the transducer. They are the 
first exponents of a new research area called 
bioelectronics. 

Blue biotechnology The biotechnology of 
maritime organisms. 

B-lymphocytes (B-cells) — Lymphocytes 
that develop from activated cells in the 
bone marrow of adults and the liver of a 
fetus. These will later produce — antibodies 
and mediate humoral immune response 
(formation of antibodies). 

Bovine spongiform encephalopathy 
(BSE) Contagious disease in cattle that 
mainly affects the central nervous system. 
It is characterized by the degeneration of 
neurons and the appearance of sponge- 
like holes in the cerebral cortex, leading to 
uncoordinated movement, paralysis, and 
blindness. It is caused by proteinaceous 
particles known as > prions. 

Breakthrough infection An infection that occurs 
in an individual, who has been vaccinated 
against the pathogen in question. In many 
cases, breakthrough infections are milder. 

Bt corn Transgenic corn that has the ability to 
synthesize — Bt toxin. 

Bt toxin A toxin that can be produced by 
Bacillus thuringiensis and which is used as 
an insecticide in agriculture (e.g., to fight the 
corn borer—a butterfly whose caterpillars 
attack corn plantations). It is thought to be 
nontoxic for organisms that are not direct 
antagonists (e.g., humans). 
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cAMP (cyclic adenosine-3/,5' 
monophosphate) A universal effector for the 
regulation of enzyme and gene activities. It 
acts as an intracellular messenger substance 
between the plasma membrane where it 
is produced by the > enzyme adenylate 
cyclase from — ATP while cleaving off 
pyrophosphate and certain enzyme systems 
in the cytoplasm or certain factors in the cell 
nucleus. 

Capsid — The protein shell of a virus in which 
its genome is contained. Capsids consist of 
regular-shaped subunits called capsomeres 
that contain one or several proteins. Capsids 
act as — antigens within the immune system. 
This can make them a good choice for 
vaccines. 

Casg (CRISPR-associated protein 9) A protein 
that plays a key role in the immune defense 
of some bacteria against DNA viruses and 
plasmids and is widely utilized in genetic 
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engineering. It is mainly used to cut DNA 
at specific points, thereby altering a cell's 
genome. 

Catabolism Metabolic pathways by which 
complex molecules are broken down into 
smaller molecules and energy is released. It 
is the opposite of > anabolism. Apart from 
setting free energy, it can also break down 
toxic substances. 

Catalase — An enzyme catalyzing the 
breakdown of — hydrogen peroxide (Н,0,) 
into oxygen and water. Hydrogen peroxide 
is a strong oxidant that can damage cells. 
Catalase is one of the enzymes with the 
highest turnover numbers, i.e., it can convert 
approximately five million molecules of 
hydrogen peroxide to water and oxygen each 
second. 

Catalysis See also — Biocatalysis. 

cDNA Copy/complementary DNA is a single 
or double-stranded DNA copy of an RNA 
molecule. The synthesis of cDNA is catalyzed 
by the — enzyme — reverse transcriptase. 

CHO (Chinese Hamster Ovary) cells Cell lines 
obtained from the ovaries of the Chinese 
dwarf hamster species Cricetulus griseus, 
which are often used in biological and 
medical research. They can be cultivated in 
suspension in — bioreactors with the amino 
acid proline as a supplement in the broth. 

Chromatography A collective term for physical/ 
chemical methods for the separation of 
mixtures of substances for analysis or 
preparation purposes, using a stationary 
phase and a mobile phase. 

Cis-genetic engineering The transfer of genes 
between organisms of the same species, 
e.g., different apple varieties. Researchers 
have created the first fire blight-resistant 
apple. With the aid of cis-genetic 
engineering, they transferred a resistance 
gene from a wild apple into the genome of a 
Gala apple. Tests in the greenhouse indicate 
that the gene is effective in protecting the 
tree from the disease. 

Citric acid cycle (tricarboxylic acid cycle (TCA 
cycle), or the Krebs cycle) The respiratory 
cycle of the cell, comprising a series of 
chemical reactions in which acetyl-CoA is 
oxidized to form carbon dioxide and hydrogen 
atoms, which are stored as ^ NADH* H* and 
> NADH.. 

Cloning The generation and multiplication of 
a DNA molecule in bacterial cells (usually 
Escherichia coli). The DNA fragment in 
question is inserted into a vector and it is 
introduced in cells where it will multiply 
through cell division. 

Cochlea Part of the auditory organ, the inner ear, 
in mammals. The name means “snail” in Latin. 

Codon A sequence of three DNA or mRNA 
nucleotides, containing information for the 
insertion of a particular amino acid into a 
polypeptide chain that is being synthesized 
or for the termination of polypeptide 
synthesis. 


Coenzymes Nonproteinogenic cosubstrates 


of = enzymes; low-molecular organic 
compounds that participate directly in the 
chemical transformation of a substrate, 
undergoing changes in the process and being 
restored in subsequent enzymatic processes. 


Cofactors In many enzymes, additional metal 


ions, low-molecular organic compounds 
(> coenzymes) or other facilitators are 
required for biological activity. 


Coronaviruses A group of related RNA viruses 


that cause diseases in mammals and birds. 
Their outer membrane carries spikes that 
make them look like crowns (hence the name 
corona). In humans and birds, they cause 
respiratory tract infections from the common 
cold to more severe diseases such as SARS, 
MERS, and COVID-19. In cows and pigs, they 
cause diarrhea, while in mice they cause 
hepatitis and encephalomyelitis. 


Cosmids Plasmids synthesized on the basis 


of the circular genome of — bacteriophage 
à. Cosmids can take up far longer DNA 
sequences (up to 40,000 base pairs) than 
ordinary — plasmids and are therefore 
suitable for generating — gene libraries of a 
genome. 


Crabtree effect A phenomenon whereby 


the yeast, Saccharomyces cerevisiae, 
produces ethanol at high external glucose 
concentrations despite the presence of 
oxygen. 


Creutzfeldt-Jakob disease (CJD) Very rare 


disease of the central nervous system with 
rapid loss of mental faculties, spasticity and 
rigor, probably caused by — prions. 


CRISPR (Clustered Regularly Interspaced Small 


Palindromic Repeats) A bacterial immunity 
system against — bacteriophages based on 
the cleavage of specific DNA sequences. It 
can be engineered to cleave any sequence as 
a powerful gene editing tool. 


Cystic fibrosis (CF) A congenital metabolic 


disorder with a malfunction of chloride 

ion channels. This results in a changed 
consistency of secretions from exocrine 
glands. Mucus in the bronchiae and lungs 
becomes viscous, causing chronic cough 
and severe pneumonia. CF is one of the first 
disorders for which clinical gene therapy 
studies are undertaken. 


Cytokines Small — glycoproteins that are 


released by T-cells, macrophages, and other 
cells. They bind to their target cells whose 
behavior they change. 


Distillation A separation method used, for 


example, in alcohol production. Liquids in 
which various components are dissolved 

are separated as they reach their boiling 
point—their gaseous phase— at different 
temperatures. Ethanol boils at 78.5°C (173.3?F), 
far earlier than water. When cooled down, they 
can be recaptured in separate containers. 


Detergents Surfactants that comprise 
hydrophobic (tails) as well as hydrophilic 
(heads) regions and have the ability 
to dissolve and disperse hydrophobic 
molecules, including fats, oils, and lubricants 
in water. 

Diploid Cells or organisms with a set of 
chromosomes consisting of pairs of 
homologous chromosomes referred to as 2n 
(see also — haploid, — polyploid). 

Downstream processing The recovery and 
purification of biosynthetic substances 
after they have been synthesized. See also 
— Upstream processing. 

dsDNA double-stranded DNA. 
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Electrophoresis A separation technique 
whereby substances are separated on 
the basis of their electric charge and their 
molecular mass. 

Electroporation A method in molecular biology 
for the > transformation of cells. An electric 
field is generated that makes holes appear in 
the membrane of exposed cells, allowing DNA 
from outside the cell to enter the cytoplasm. 

ELISA (enzyme-linked immunosorbent 
assay) An immunological diagnostic test that 
uses enzyme-linked antibodies as indicators. 

EMA (European Medicines Agency) A European 
Union agency responsible for the evaluation 
of medicinal products and pharmacovigilance. 
It plays an important role in the licensing of 
medicinal products in the European Economic 
Area— European equivalent of the — FDA in 
the United States. 

Embryonic stem cells — Totipotent or 
Pluripotent cells with the ability to 
differentiate into cells in any ofthe three germ 
layers as well as into germline cells. Totipotent 
cells can generate the entire organism. In other 
words, embryonic stem cells can differentiate 
into any kind of body cell. 

Enantiomers — Isomers that are mirror images 
of each other, but cannot be superimposed — 
similar to the right and left hand. 

Enthalpy A measure for energy (in Joules, 

J) within a system comprising the internal 
energy of matter and work (dependent on 
pressure and volume). Enthalpy is denoted by 
the letter H. 

Entropy Athermodynamic quantity that 
could vaguely be described as the degree 
of disorganization within a system. Entropy 
is denoted by the letter S and measured in 
Joules per Kelvin (J/K). 

Enzymes — Proteins that act as biocatalysts, 
i.e., they facilitate the transition of chemical 
groups from one molecule to another in a 
chemical reaction while remaining intact 
themselves. 

EST (expressed sequence tag) Transcribed 
nucleotide sequences that can be identified 
by analyzing > cDNA libraries (see also 
> gene library). 


Ethidium bromide Fluorescent dye used in 
molecular biology to visualize nucleic acids 
(DNA and RNA). Ethidium bromide is toxic and 
is suspected to be cancerogenic. As it may 
penetrate through the skin, it is essential to wear 
nitrile gloves when handling ethidium bromide. 
Exon DNA sequence in eukaryotes, which 
encodes part of a polypeptide (in contrast to 
an > intron). 
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FAD (flavin adenine dinucleotide) A derivative 
of riboflavin (vitamin B2) and a coenzyme 
involved in redox reactions. Prosthetic group 
of glucose oxidase. 

FDA (Food and Drug Administration) A 
federal agency of the US Department of 
Health and Human Services. It supervises 
the safety and effectiveness of drugs, 
biological and medicinal products, cosmetics, 
food (including additives), and radiation- 
emitting devices. Its tasks also include the 
implementation of the hygiene regulations 
of the Public Health Service Act in the United 
States. 

Fermentation Aerobic and anaerobic metabolic 
reactions in bacteria, fungi (mainly yeasts), 
and plant or animal cells. Fermentation is 
used to obtain products or biomass as well as 
for biotransformation. 

FISH (fluorescence in situ hybridization) A 
nonradioactive method of in situ 
— hybridization for the detection of nucleic 
acids. FISH is suitable for the physical 
mapping of genes and genomic markers in 
metaphase chromosomes. 

Free enthalpy Gibbs energy 

Freeze-drying — Lyophilization 

Fusion protein The result of the common 
expression of two neighboring genes that are 
not separated by a stop codon. 
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Gel electrophoresis Electrophoretic separation 
of molecules using a polymeric gel, usually 
consisting of agarose or acrylamide. 

— Electrophoresis. 

Gene library Also referred to as a genomic 
library, it contains cloned DNA fragments from 
chromosomes or the entire genome obtained 
using — restriction enzymes. Each of these 
genes is inserted in > plasmids, — cosmids, 
or other — vectors and cloned into a separate 
cell culture. 

Gene chips DNA microarrays for the analysis 
of single-stranded DNA fragments of 
genes anchored at one end on a matrix for 
exact location. — cDNA from cells to be 
investigated is isolated and amplified with 
PCR. A fluorescent marker substance is added 
and the — hybridization of complementary 
sequences is analyzed by sending a laser 
through the back of the chip. A detector picks 
up the fluorescence excited by the laser. 


Gene pharming A word made up from "farming" 
and "pharmaceuticals" to denote the production 
of pharmaceuticals in animals and plants. Plants 
and animals are genetically engineered so that 
their milk, eggs, or fruit contains the desired 
genetic product, e.g., a drug. 

Gene therapy The use of DNA or RNA molecules 
to treat hereditary conditions and defective 
genes by therapeutic delivery into patients' 
cells. To reach the target genome, the 
molecules are inserted into vectors such as > 
adenoviruses. They encode the expression of 
the correct protein or block the expression of 
proteins, thus compensating defects caused 
by mutations. 

Genetic engineering Linking up DNA molecules 
of different origins into —^ recombinant DNA 
that can be multiplied and inserted into a 
recipient organism in order to propagate 
recombinant DNA and generate novel gene 
products (recombinant proteins). 

Genotype The exact description of the genetic 
disposition of an individual, either in terms of 
a certain trait or a series of traits (in contrast 
to — phenotype). 

GFP A green fluorescent protein originating 
from the jellyfish Aequorea victoria. The 
— protein is often combined as a label 
with other proteins to be investigated. The 
resulting — fusion protein is easily detectable 
due to its fluorescence. 

Gibbs energy Also known as free enthalpy, 
denoted by the letter G. Calculating the 
difference in Gibbs energy (AG) before and 
after a chemical reaction shows whether the 
reaction is exergenic (AG « о) or energenic 
(AG> о). Gibbs energy is defined as the 
difference between — enthalpy and the 
product of absolute temperature and entropy. 
In biology, Gibbs energy can be (imprecisely) 
described as the energy available for work at 
constant temperature and pressure. 

Glycolysis A catabolic reaction pathway for 
the stepwise degradation of glucose into 
two pyruvate molecules. It comprises 10 
enzymatically catalyzed steps during which 
energy is obtained as ATP. The reduction 
equivalents (C NADH +H +) arising in the 
process are used in various ways, depending 
on the organism in question and other 
conditions, such as aerobic conditions in 
the > citric acid cycle, leading to further 
energy production or formation of ethanol in 
alcoholic ^ fermentation. 

Glycoproteins Proteins with carbohydrate side 
chains. These side chains are often species- 
specific and are therefore very significant in 
biotechnology. Bacteria are unable to bind 
carbohydrate chains to proteins produced. 
Recombinant glycoproteins can only be 
produced by eukaryotic, usually mammalian 
cells. 

Glucose oxidase test A chemical method for 
detecting glucose, often used to detect 
diabetes mellitus (glucose in urine and 
blood). 
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GM, GMO Genetically modified (organism). 

In the context of food, GM food is food 
containing GMOs. 

Granulocytes They form part of the innate 
or nonspecific immune system. They 
contain a specific type of granules in their 
cytoplasm. They are sometimes referred to as 
polymorphonuclear leukocytes (PMN, PML, or 
PMNL) because of the varying shape of their 
nucleus, which is usually lobed into three 
segments. 

Gray biotechnology or environmental 
biotechnology It covers methods of drinking 
water purification and wastewater treatment, 
soil remediation, waste recycling, and exhaust 
gas purification, and also leaching of metals 
from ores. 

Green biotechnology Plant biotechnology. 
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Haploid Cells or organisms with a single set of 
chromosomes, also denoted as 1n (or n) (see 
also — diploid, — polyploid). 

Hemophilia A blood-clotting disorder. Wounds 
form only superficial scabs. Spontaneous 
bleeding without obvious cause may occur. 
There are several — genotypes resulting in 
hemophilia. 

Histones A group of alkaline — proteins 
associated with DNA in nucleosomes, the 
basic DNA packaging unit in a chromosome. 

Hormones Chemical messenger substances 
produced and secreted by cells in specific 
organs, which are targeted to other body 
regions to elicit an effect. The process 
could be compared to neurotransmission. 
However, the speed at which the hormone 
signals are transduced is significantly 
slower. The time lapse between hormone 
secretion and effect can vary between 
hormones. 

Hybridization (1) A technique used in 
molecular genetics — experimental joining 
of nucleic acid strands’ (DNA or RNA) 
sequences, based on the principle that single 
strands connect to other single strands with 
identical or similar structure by forming 
hydrogen bonds. (2) Cross-breeding of 
closely related species. 

Hybridoma cells See also — hybridoma 
technology. 

Hybridoma technology A method used in the 
production of ^ monoclonal antibodies. 

— B-lymphocytes are fused with cancer 
(myeloma) cells. The myeloma cells cannot 
die through apoptosis, which means that the 
hybridoma cells that produce the antibodies 
have an unlimited division potential. 

Hydrogen peroxide (Н„О„) It has a cytotoxic 
as well as a caustic effect and can act as 
a reducing agent. Metabolically produced 
hydrogen peroxide is cleaved by the enzyme 
catalase to О, and HO. 

Hydrolysis A chemical reaction whereby 
molecules are cleaved by reacting with water: 
AB + H0 > AH + ВОН. 


414 


Immobilization In biotechnology, cells or 
enzymes can be attached to a surface, cross- 
linked or included in various types of matrices. 
Thus, > biocatalysts can be recycled more 
easily in industrial processes. Immobilization 
can also enhance the stability of the system. 

Immunoglobulins A class of — proteins with 
a characteristic structure that enables them 
to act as receptors and effectors within the 
immune system. 

Interferons A group of > cytokines in the 
immune system of vertebrates with a range of 
effects. They are — glycoproteins produced by 
specific immune cells or virus-infected cells to 
strengthen the virus resistance of neighboring 
cells. Interferons are pharmaceutically 
relevant (e.g., in the treatment of hepatitis 
C). 2 Recombinant interferons are therefore 
important biotech products. 

Interleukins A group of — cytokines produced 
by activated macrophages and lymphocytes 
during an immune response. They transduce 
signals between various immune functions 
and control the development of cells. 

Intron A noncoding section in a DNA sequence 
within a gene that is transcribed and then 
removed by RNA — splicing to produce a 
functional mRNA. 

lon channel A tunnel protein that enables ions 
to diffuse through a membrane. Selective ion 
channels only let certain ions pass, whereas 
gated ion channels only open and close as a 
reaction to the ligation of certain molecules 
(chemically or ligand-gated) or to changes of 
the membrane potential (voltage-gated). 

Isoelectric point The pH value at which a 
molecule carries the same amount of positive 
and negative charges (no net charge) and, 
therefore, does not move within an electric field. 

Isomers Organic molecules with the same sum 
formula, but different spatial arrangements of 
their atoms. There are many different classes 
of isomers, such as positional isomers, cis- 
trans isomers, — enantiomers, etc. Isomers 
may differ in their properties. For instance, 
one of the enantiomers of thalidomide led to 
malformations in newborns. The biological 
synthesis of substances, however, is nearly 
always free from enantiomers and thus a safer 
production method for drugs, in this respect. 
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Knockin A method to introduce a functional 
gene inside a deficient mutant genome. 

Knockout A method to destroy a functional 
gene inside a wild-type genome. 

Krebs cycle See also — citric acid cycle. The 
cycle named after Sir Hans Krebs. 
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Life cycle assessment (LCA) The ecological 
cradle-to-grave analysis of a product, 
including the sourcing of raw materials, 
energy consumption in the production 


process, and disposal. This is done as 
accurately as possible. 

Ligases — Enzymes that catalyze the joining 
together of two molecules. DNA ligase is a 
major representative of this class, catalyzing 
the formation of an ester bond between a 
phosphate residue and the sugar deoxyribose. 

Luciferase An — Enzyme from certain insects or 
bacteria catalyzing the oxidation of polycyclic, 
aromatic luciferin (colorless) with molecular 
oxygen, thus generating — bioluminescence. 

Lymphocytes Types of white blood cells that 
are part of the immune system. 

Lyophilization or freeze-drying A dehydration 
process typically used to preserve a 
perishable high-grade material such as a 
pharmaceutical. The material is frozen at 
normal pressure, which is then reduced to 
allow the frozen water in the material to 
sublimate directly from the solid phase to the 
gas phase. 

Lysozyme An — Enzyme that cleaves the 
polysaccharides of bacterial cell walls. It 
is found, for instance, in egg white, human 
saliva, tears, and nasal secretions. It is part of 
the nonspecific immune system. 
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MALDI (matrix-assisted laser desorption/ 
ionization) A method of ionizing molecules 
used in > mass spectrometry. MALDI- 

TOF (time of flight) is the most relevant, 
where ions are accelerated in an electric 
field. A time-of-flight mass spectrometer 
measures their flight time, which depends 
on their charge and mass. This permits the 
composition of an unknown substance (e.g., 
an unknown protein) to be determined. 

Mass spectrometry Measuring the mass/ 
charge ratio of a substance by ionizing it and 
measuring the deviation of accelerated ions 
in an electric field. 

Meristem culture A cell culture grown from 
undifferentiated plant cells taken from 
meristem tissue. 

MHC (major histocompatibility complex) Class 
1 surface proteins involved in the cellular 
immune response to virus infections or 
mutations. They are produced by almost all 
body cells. Class II surface — proteins are 
involved in the humoral immune response 
and produced by antigen-presenting cells. 
Class 111 nonmembrane-bound plasma 
proteins are complementary factors, stress 
proteins, and tumor necrosis factors. 

Monoclonal antibodies — Antibodies derived 
from a single — B-lymphocyte or cell culture 
of clones. They are specific to a single 
— antigen and even a single epitope of the 
antigen in question. They are very important 
biotechnological products. 

Multiple cloning site (MCS) Usually a 
synthetically produced oligonucleotide 
with unique individual binding sites for 
several restriction enzymes, which is then 
normally inserted into a > vector. 


Multiple sclerosis (MS) An autoimmune 
disorder where the myelin sheath of nerve 
cells is damaged or destroyed. Treatment 
methods often involve biotechnology such 
as the use of > interferons or > monoclonal 
antibodies. 

Mutagen An agent causing mutation, e.g., high- 
energy radiation or chemical compounds such 
as base analogs. 

Mutation Changes in the DNA sequence, 
relative to a nonmutant (wild-type) sequence. 
Mutations may affect individual nucleotides 
(> point mutations) or entire regions (deletions, 
insertions, and other rearrangements). 


NAD + (nicotinamide adenine 
dinucleotide) Acts as a hydrogen acceptor 
in many biochemical reactions in the 
— catabolic pathway and it is reduced to 
NADH, in which form it becomes a hydrogen 
donor. 

NADPH (nicotinamide adenine dinucleotide 
phosphate) A substance similar to > NAD+ 
that plays a similar role in ^ anabolism. 

Nocireceptors Nerve ends specializing in the 
reception and transmission of potentially 
damaging stimuli, causing nociception or 
pain. Most nocireceptors respond to various 
stimuli (mechanical, chemical). Nocireceptors 
exist in nearly all organs, except brain and 
liver. Their greatest density is on the skin. 

Northern blot The transfer of RNA that has been 
separated in — gel electrophoresis onto a 
membrane. Once attached to the membrane, 
the RNA can be analyzed through — hybridizati, 
similar to — Southern blotting. 
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Odorant receptors They have seven 
transmembrane domains and bind to 
adenylate cyclase via a — G protein. The 
stimulation of an olfactory cell by an odorant 
results in the production of the messenger 
substance > cAMP in the > cilia. 

Olfactants Volatile, chemically diverse compounds 
in a gaseous, steam, or diluted state with a 
characteristic odor, often originating from animal 
glands or plants, e.g., pheromones and essential 
oils. Olfactants are picked up by > odorant 
receptors in the relevant organs. 

Oncogenes Cancer-promoting, mutant forms 
of proto-oncogenes, genes that encode 
essential proteins important in processes 
that are deregulated in cancer. 
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p53 Atumor suppressor transcription factor 
— protein involved in the regulation of the 
cell cycle, DNA repair, and — apoptosis. The 
p53 gene is mutated in many cancers. 

PAGE Polyacrylamide — gel electrophoresis. 
Pasteurization A method of killing 
microorganisms by brief heating up to 


60-90°C, used for food preservation and safety. 
Milk, for instance, is heated to 72°C for 15-20 s. 

Patch clamping A method used to isolate 
a minute part of a membrane in order to 
investigate the movement of ions through an 
individual — ion channel. 

Phage display A method by which peptides, 
parts of — proteins, or entire proteins аге 
carried on the surface of bacteriophages. Such 
phage displays can constitute whole libraries 
and when the molecule in question has 
bound to its ligand in a next step, individual 
molecules can be targeted for further 
studies, such as the interaction of a specific 
— antibody fragment (from among millions of 
other possible fragments) with an > antigen. 

Phages Short for > bacteriophages. 

PHA/PHB (polyhydroxyalkanoate/ 
polyhydroxybutyrate) Polyesters produced 
by bacteria during the — fermentation 
of sugar and lipids. PHA and some other 
copolymers can be thermoformed and they 
have properties similar to petroleum-based 
plastic. They are usually biodegradable. 

Pharmacogenomics It investigates the impact 
of genetics on the effectiveness and side 
effects of drugs. 

Phenotype A visible or otherwise recognizable 
characteristic of an individual, resulting from 
genetic as well as environmental factors (see 
also — genotype). 

Photoreceptors (a) Pigments that cause a 
physiological reaction on absorbing photons. 
(b) > Light-sensitive receptor cells that react 
to perceived light energy. 

Phototaxis The directed locomotion of mobile 
organisms, initiated by light. 

Plasmids Small, circular extra-chromosomal 
— dsDNA molecules found in bacteria and 
some yeasts. They contain only very few 
genes and are replicated as independent 
genetic units. Plasmids often carry 
— antibiotic resistance. 

Pluripotence The ability of pluripotent stem 
cells to differentiate into cells of any of the 
three germ layers: ectoderm, entoderm, and 
mesoderm. This enables them to become 
any cell type in an organism. In contrast to 
totipotent cells, however, they have lost the 
ability of forming an entire organism. 

Point mutation — Mutation in which just one 
base pair in the DNA is changed, which may 
well revert to the wild type, as the reading 
frame remains unchanged. Such mutations 
are often innocuous because many amino 
acids are encoded by more than one codon 
(due to the degeneration [redundance] of the 
genetic code). 

Polyclonal antibodies A mix of antibodies 
produced by different —^ B-lymphocytes 
that bind to different epitopes of the same 
— protein. This distinguishes them from 
— monoclonal antibodies. 

Polymerase chain reaction (PCR) A method 
that allows a certain region of DNA to be 
amplified through a repetitive process of 
denaturation, attachment of specific primers, 
and DNA — Taq polymerase. The amplified 


concentration of the DNA fragment increases 
exponentially with each cycle. 

Polyploid Cells or organisms with more 
than two sets of chromosomes (see also 
— haploid, — diploid). 

Population equivalent (PE) or unit per capita 
loading The equivalent of the daily per 
inhabitant quantity of pollutants and water 
consumption (e.g., nitrogen, phosphorus, 
oxygen demand, particular matter, etc.) in 
wastewater. 

Precipitation The deposition of a soluble 
component in solution as a solid due to the 
addition of another substance such as a 
poorly soluble compound. 

Prions Short for proteinaceous infectious 
particles, the cause of transmissible spongiform 
encephalopathy in humans and mammals 
(bovine spongiform encephalopathy, Creutzfeldt- 
Jakob disease). Prions primarily or entirely 
consist of aggregates of an abnormally folded 
pathogenic isoform of a normal cellular protein. 

Promoter The DNA region of a gene that 
determines the start point and the frequency 
of transcription and which is the binding site 
of RNA polymerase. 

Prosthetic groups Additional (often covalent) 
chemical groups (e.g., heme group) that 
are bound to a — protein, but which are not 
inserted into the polypeptide chain. 

Proteins Polymers composed of individual 
— amino acids, which may also contain 
— prosthetic groups. Proteins are not only the 
main components of cell structures, but also 
enable most metabolic functions within a cell. 

Protein engineering The creation of proteins 
with modified properties. There are two 
fundamentally different approaches: rational 
design (based on knowledge of structure and 
function of the protein in question, targeted 
modifications are carried out) and directed 
evolution (accidental mutagenesis combined 
with selection constraints, which lead to the 
survival of a modified protein with improved 
properties). In addition, DNA shuffling is 
used to reproduce natural recombination and 
the obtained proteins are then improved by 
further recombination. 

Proteomics The study of all — proteins found in 
a cell under certain conditions, using various 
methods, such as > two-dimensional gel 
electrophoresis. 

Protoplasts Bacterial, fungal, or plant cells 
from which the cell walls have been removed. 

Protoplast fusion An in vitro technique to 
fuse — protoplasts of two different species, 
leading to the fusion ofthe nuclei. This 
results in somatic hybrids and is a way of 
crossbreeding species that would normally 
not crossbreed. 
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Racemate An equimolar mix of two 
— enantiomers. 

Receptor potential (generator potential) 
Changes in the resting potential of a sensory 
cell as a result of stimulation. 
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Recombinant antibodies Produced in vitro, 

i.e., no animals are involved. They typically 
originate from genetic antibody libraries that 
have been purposely built for the production of 

— antibodies in microorganisms. Specifically 
binding antibodies are isolated, not by the 
immune system of an organism, but by an in vitro 
procedure known as panning. Recombinant 
antibodies are easily genetically modified 
because their genetic makeup is known. 

Recombinant DNA A DNA molecule produced 
in vitro, with sections coming from different 
sources, often different species. 

Recombinant proteins Proteins encoded by 
— recombinant DNA. 

Red biotechnology Medical biotechnology — 
research into the medical applications of 
biotechnology. 

Restriction enzymes Bacterial > enzymes 
that specifically recognize restriction sites 
comprising DNA sequences of four to eight 
base pairs. They then cut both strands of the 
DNA. 

Retina A light-sensitive cell layer in the eyes of 
vertebrates and cephalopods. 

Retinal The light-absorbing moiety of the visual 
purple, — rhodopsin. It is derived from f- 
carotene. See also — Rhodopsin. 

Retroviruses RNA viruses that multiply in a 
multistep process by which their single- 
stranded genomic RNA is transcribed into 
double-stranded DNA. This unusual genetic 
information flow that goes against the 
accustomed flow is catalyzed by a virus- 
specific, RNA-dependent DNA polymerase 
known as — reverse transcriptase. 

Reverse transcriptase (revertase) — Retroviral 
— enzyme catalyzing the synthesis of 
DNA chains from an RNA template, using 
2'-deoxyribonucleoside-5'-triphosphates as 
— substrates. 

RFLP (restriction fragment length 
polymorphism) analysis It exploits the fact 
that hereditary, localized sequence changes in 
DNA may result in deviations from the original 
restriction fragment patterns when the DNA is 
broken down by > restriction enzymes. 

Rhodopsin Visual purple involved in the visual 
process. Rhodopsin acts as a light sensor, 
reacting to incoming photons and converting 
the stimulus into a chemical reaction. > See 
also Retinal. 

Rituximab The first > antibody licensed for the 
treatment of cancer. 

RNA interference (RNAi) A regulatory 
mechanism in living cells, which has an impact 
on the activity of genes. In this process, miRNA 
(micro RNA) and siRNA (small interfering 
RNA) play key roles, as they are able to bind 
to mRNA and thus prevent the synthesis of a 
protein. 


S 


SDS (sodium dodecylsulfate) An anionic 
surfactant used in SDS — PAGE, where 
its surfactant properties help to denature 
proteins. Since SDS binds to all proteins at 
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a ratio of 1.4:1, charge ratios corresponding 
to the size of the target protein are obtained 
that cancel out the intrinsic charges. 

Shotgun sequencing Long, multiple copies of 
DNA sequences that are randomly divided 
into fragments (e.g., using ultrasound) and 
then individually sequenced, as it is difficult 
to analyze long, uninterrupted sequences. 
The fragments are then checked for overlaps 
using bioinformatics and reassembled to 
reproduce the entire sequence. 

Single guide RNA (sgRNA) An artificial 
RNA that is used in the CRISPR/Cas gene 
editing method, either CRISPRi (inhibiting 
transcription) or CRISPRa (activation) in 
combination with Caso or Cas12b. 

Single nucleotide polymorphism (SNP) A 
variation in single base pairs within a DNA 
sequence. Such changes can determine how 
well medication is tolerated. 

Southern blot A method of transferring 
denatured DNA from a gel to a membrane and 
then > hybridizing a tagged DNA probe with 
the DNA transferred in the blot. Named after 
Edwin Southern and giving rise to the names 
for > Western blot and — Northern blot. 

Splicing A process in eukaryotic cells by 
which a primary transcript is converted into 
mature > mRNA, eliminating — introns and 
connecting — exons. 

Stem cells Undifferentiated cells that have no 
biological role other than proliferation and 
differentiation into various types of mature 
cells in a tissue. 

Sterilization Methods to eliminate living 
microorganisms as well as resistant dormant 
bodies, from materials, fluids, or objects. 
Total sterility can, however, never be 
guaranteed in practice. 

STR (short tandem repeat) Short patterns of 
base-pair repetitions in a DNA strand, which 
are used to establish genetic relationship. 

Substrate A chemical compound upon which an 
— enzyme or organism acts. 


T 


Taq polymerase A DNA polymerase from 
the bacterium Thermus aquaticus (Taq), 
an inhabitant of geysers. The — enzyme is 
heat-stable and is therefore often used in the 
polymerase chain reaction. 

Telomerase — An enzyme consisting of a 
— protein and an RNA portion, which acts 
as a reverse transcriptase, with the internal 
RNA acting as a template for DNA synthesis at 
shortening — telomeres. 

Telomeres Single-stranded ends of linear 
chromosomes that shorten with each DNA 
replication. When a minimum length of the 
telomere is reached, cells will stop dividing 
and often, apoptosis occurs. The > enzyme 
— telomerase, however, may compensate for 
the shortening. 

Thermodynamics, zeroth law If two systems are 
each in thermal equilibrium with a third, they 
are also in thermal equilibrium with each 
other. 


Thermodynamics, first law Energy can 
neither be generated nor used up, but only 
transformed into other forms of energy. 

Thermodynamics, second law Thermal 
energy cannot be arbitrarily transformed 
into other forms of energy (— entropy in an 
isolated system cannot decrease, but usually 
increases, with the exception of reversible 
processes where entropy remains constant). 

Thermodynamics, third law A temperature of 
absolute zero is unattainable (— 273.159C). 

T-lymphocytes or T-cells A type of — lymphocytes 
involved in the cellular immune response. They 
reach a mature stage in the thymus. 

Transfection Introduction of foreign DNA into 
eukaryotic animal cells. 

Transformation The nonviral uptake of free 
DNA in competent bacterial cells, yeast, 
molds, algae, and plants. 

Tricarboxylic acid cycle (TAC) See also — Citric 
acid cycle. 

Tumor suppressor genes Genes encoding 
— proteins that detect intracellular damage, 
repair DNA, control the cell cycle, and trigger 
— apoptosis. Mutations in these genes increase 
the probability that tumors will develop. 

Two-dimensional gel electrophoresis Gel 
electrophoresis, particularly suitable for the 
separation of very complex protein mixes 
according to different criteria. For instance, 
separation according to isoelectric point 
is carried out in direction X and separation 
according to molecule size in direction Y. 


U 


Upstream processing A part of 
biomanufacturing that involves cell growth 
(biosynthesis of products). In order to 
harvest/purify the upstream processing 
products, > downstream processing 
techniques are applied. 


V 


Vectors Molecules used for the transport of 
foreign DNA, often including — plasmids, 
— cosmids, and modified viruses. 


W 


White biotechnology or industrial 
biotechnology A technology used for the 
production of basic and fine chemicals. 

Western blot A method by which — proteins 
undergo — PAGE and are then transferred 
from the polyacrylamide gel onto a membrane 
where they can be detected with specific 
— antibodies. It is the equivalent of ^ Southern 
blot for DNA or — Northern blot for RNA. 


X 


Xenotransplantation The transfer of cells, 
cell clusters, or entire organs between two 
species. The transferred cells are viable. The 
technique is controversial because of the risk 
of transferring pathogens from one species to 
another and the high risks of rejection. 
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TABLE ANTIBODIES 


Antibody therapeutics approved for clinical use in the EU or USA (compiled by Stefan Dübel) 


International 
nonproprietary name, 


Indication first approved 


US product identifier Brand name Target; format or reviewed First EU approval year First US approval year 
Abciximab Reopro GPIIb/IIIa; chimeric IgG1 Prevention of blood clots 1995* 1994 
Fab in angioplasty 
Rituximab MabThera, Rituxan CD20; chimeric IgG1 Non-Hodgkin lymphoma 1998 1997 
Basiliximab Simulect IL-2R; chimeric IgG1 Prevention of kidney 1998 1998 
transplant rejection 
Palivizumab Synagis RSV; humanized IgG1 Prevention of respiratory 1999 1998 
syncytial virus infection 
Infliximab Remicade TNF; chimeric IgG1 Crohn's disease 1999 1998 
Trastuzumab Herceptin HER2; humanized 1861 Breast cancer 2000 1998 
Adalimumab Humira TNF; human 1861 Rheumatoid arthritis 2003 2002 
Ibritumomab tiuxetan Zevalin CD20; murine IgG1 Non-Hodgkin lymphoma 2004 2002 
Omalizumab Xolair IgE; humanized IgG1 Asthma 2005 2003 
Cetuximab Erbitux EGFR; chimeric IgG1 Colorectal cancer 2004 2004 
Bevacizumab Avastin VEGF; humanized IgG1 Colorectal cancer 2005 2004 
Natalizumab Tysabri од integrin; humanized Multiple sclerosis 2006 2004 
IgG4 
Panitumumab Vectibix EGFR; human IgG2 Colorectal cancer 2007 2006 
Ranibizumab Lucentis VEGF; humanized IgG1 Fab Macular degeneration 2007 2006 
Eculizumab Soliris C5; humanized IgG2/4 Paroxysmal nocturnal 2007 2007 
hemoglobinuria 
Certolizumab pegol Cimzia TNF; humanized Fab, Crohn’s disease 2009 2008 
pegylated 
Ustekinumab Stelara IL-12/23; human IgG1 Psoriasis 2009 2009 
Canakinumab llaris 11-16; human IgG1 Muckle-Wells syndrome 2009 2009 
Golimumab Simponi TNF; human IgG1 Rheumatoid and psoriatic 2009 2009 
arthritis, ankylosing 
spondylitis 
Ofatumumab Arzerra CD20; human IgG1 Chronic lymphocytic 2010 2009 
leukemia 
Tocilizumab RoActemra, Actemra IL-6R; humanized IgG1 Rheumatoid arthritis 2009 2010 
Denosumab Prolia RANK-L; human IgG2 Bone loss 2010 2010 
Belimumab Benlysta BLyS; human IgG1 Systemic lupus 2011 2011 
erythematosus 
Ipilimumab Yervoy CTLA-4; human IgG1 Metastatic melanoma 2011 2011 
Brentuximab vedotin Adcetris CD30; chimeric 1861; ADC Hodgkin lymphoma, 2012 2011 
systemic anaplastic large- 
cell lymphoma 
Pertuzumab Perjeta HER2; humanized 1861 Breast cancer 2013 2012 
Ado-trastuzumab Kadcyla HER2; humanized 1861; Breast cancer 2013 2012 
emtansine ADC 
Raxibacumab (Pending) B. anthracis PA; human Anthrax infection 2012 
1861 
Obinutuzumab Gazyva, Gazyvaro CD20; humanized IgG1 Chronic lymphocytic 2014 2013 
glycoengineered leukemia 
Siltuximab Sylvant IL-6; chimeric IgG1 Castleman disease 2014 2014 
Ramucirumab Cyramza VEGFR2; human IgG1 Gastric cancer 2014 2014 
Vedolizumab Entyvio «4р7 integrin; humanized Ulcerative colitis, Crohn's 2014 2014 


1861 


disease 
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Antibody therapeutics approved for clinical use in the EU or USA (compiled by Stefan Dübel) — cont'd 


International 
nonproprietary name, 


Indication first approved 


US product identifier Brand name Target; format or reviewed First EU approval year First US approval year 
Nivolumab Opdivo PD1; human IgG4 Melanoma, non-small-cell 2015 2014 
lung cancer 
Pembrolizumab Keytruda PD1; humanized IgG4 Melanoma 2015 2014 
Blinatumomab Blincyto CD19, CD3; murine Acute lymphoblastic 2015 2014 
bispecific tandem scFv leukemia 
Alemtuzumab Lemtrada; MabCampath, CD52; humanized 1861 Multiple sclerosis; chronic 2013; 2001# 2014; 2001# 
Campath-1H myeloid leukemia 
Evolocumab Repatha PCSK9; human 1862 High cholesterol 2015 2015 
Idarucizumab Praxbind Dabigatran; humanized Reversal of dabigatran- 2015 2015 
Fab induced anticoagulation 
Necitumumab Portrazza EGFR; human 1861 Non-small-cell lung cancer 2015 2015 
Dinutuximab Unituxin GD2; chimeric 1861 Neuroblastoma 2015 2015 
Secukinumab Cosentyx IL-17a; human IgG1 Psoriasis 2015 2015 
Mepolizumab Nucala IL-5; humanized IgG1 Severe eosinophilic 2015 2015 
asthma 
Alirocumab Praluent PCSK9; human IgG1 High cholesterol 2015 2015 
Daratumumab Darzalex CD38; human IgG1 Multiple myeloma 2016 2015 
Elotuzumab Empliciti SLAMF7; humanized lgG1 Multiple myeloma 2016 2015 
Ixekizumab Taltz IL-17a; humanized IgG4 Psoriasis 2016 2016 
Reslizumab Cinqaero, Cinqair IL-5; humanized 1864 Asthma 2016 2016 
Olaratumab Lartruvo PDGFRo; human IgG1 Soft tissue sarcoma 2016 2016 
Bezlotoxumab Zinplava Clostridium difficile Prevention of Clostridium 2017 2016 
enterotoxin B; human IgG1 difficile infection 
recurrence 
Atezolizumab Tecentriq PD-L1; humanized IgG1 Bladder cancer 2017 2016 
Obiltoxaximab Anthim B. anthracis PA; chimeric Prevention of inhalational 2016 
IgG1 anthrax 
Brodalumab Siliq, LUMICEF IL-17R; human 1862 Plaque psoriasis 2017 2017 
Dupilumab Dupixent IL-4R о; human IgG4 Atopic dermatitis 2017 2017 
Inotuzumab ozogamicin BESPONSA CD22; humanized 1864; Acute lymphoblastic 2017 2017 
ADC leukemia 
Guselkumab TREMFYA IL-23 p19; human 1861 Plaque psoriasis 2017 2017 
Sarilumab Kevzara IL-6R; human 1861 Rheumatoid arthritis 2017 2017 
Avelumab Bavencio PD-L1; human IgG1 Merkel cell carcinoma 2017 2017 
Emicizumab Hemlibra Factor Ixa, X; humanized Hemophilia A 2018 2017 
IgG4, bispecific 
Ocrelizumab OCREVUS CD20; humanized IgG1 Multiple sclerosis 2018 2017 
Benralizumab Fasenra IL-5Ro; humanized IgG1 Asthma 2018 2017 
Durvalumab IMFINZI PD-L1; human IgG1 Bladder cancer 2018 2017 
Gemtuzumab ozogamicin Mylotarg CD33; humanized 1264; Acute myeloid leukemia 2018 2017; 2000# 
ADC 
Erenumab, Aimovig CGRP receptor; human Migraine prevention 2018 2018 
erenumab-aooe 1862 
Galcanezumab, Emgality CGRP; humanized IgG4 Migraine prevention 2018 2018 
galcanezumab-gnlm 
Burosumab, Crysvita FGF23; human IgG1 X-linked 2018 2018 
burosumab-twza hypophosphatemia 
Lanadelumab, Takhzyro Plasma kallikrelin; human Hereditary angioedema 2018 2018 


lanadelumab-flyo 
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IgG1 


attacks 


International 
nonproprietary name, 


Antibody therapeutics approved for clinical use in the EU or USA (compiled by Stefan Dübel) — cont'd 


Indication first approved 


US product identifier Brand name Target; format or reviewed First EU approval year First US approval year 
Mogamulizumab, Poteligeo CCR4; humanized 1861 Mycosis fungoides or 2018 2018 
mogamulizumab-kpkc Sézary syndrome 
Tildrakizumab; llumya IL-23 p19; humanized IgG1 Plaque psoriasis 2018 2018 
tildrakizumab-asmn 
Fremanezumab, Ajovy CGRP; humanized IgG2 Migraine prevention 2019 2018 
fremanezumab-vfrm 
Ravulizumab, Ultomiris C5; humanized IgG2/4 Paroxysmal nocturnal 2019 2018 
ravulizumab-cwvz hemoglobinuria 
Cemiplimab, Libtayo PD-1; human mAb IgG4 Cutaneous squamous cell 2019 2018 
cemiplimab-rwlc carcinoma 
Ibalizumab, Trogarzo CD4; humanized IgG4 HIV infection 2019 2018 
ibalizumab-uiyk 
Emapalumab, Gamifant IFNy; human IgG1 Primary hemophagocytic 2018 
emapalumab-lzsg lymphohistiocytosis 
Moxetumomab Lumoxiti CD22; murine IgG1 dsFv Hairy cell leukemia 2018 
pasudotox, moxetumomab immunotoxin 
pasudotox-tdfk 
Caplacizumab, Cablivi von Willebrand factor; Acquired thrombotic 2018 2019 
caplacizumab-yhdp humanized nanobody thrombocytopenic purpura 
Risankizumab, Skyrizi IL-23 p19; humanized IgG1 Plaque psoriasis 2019 2019 
risankizumab-rzaa 
Polatuzumab vedotin, Polivy CD79b; humanized IgG1 Diffuse large B-cell 2020 2019 
polatuzumab vedotin-piiq ADC lymphoma 
Romosozumab, Evenity Sclerostin; humanized Osteoporosis in 2019 2019 
romosozumab-aqqg 1862 postmenopausal women 

at increased risk of 

fracture 
Brolucizumab, Beovu VEGF-A; humanized scFv Neovascular age-related 2020 2019 
brolucizumab-dbll macular degeneration 
Crizanlizumab; Adakveo CD62 (a.k.a. P-selectin); Sickle cell disease 2020 2019 
crizanlizumab-tmca humanized 1862 
Enfortumab vedotin, Padcev Nectin-4; human IgG1 ADC  Urothelial cancer 2019 
enfortumab vedotin-ejfv 
[fam-]trastuzumab Enhertu HER2; humanized IgG1 HER2 + metastatic breast 2019 
deruxtecan, fam- ADC cancer 
trastuzumab 
deruxtecan-nxki 
Teprotumumab, Tepezza IGF-1R; human IgG1 Thyroid eye disease 2020 
teprotumumab-trbw 
Eptinezumab, VYEPTI CGRP; humanized IgG1 Migraine prevention In review 2020 
eptinezumab-jjmr 
Isatuximab, Sarclisa CD38; chimeric IgG1 Multiple myeloma 2020 2020 
isatuximab-irfc 
Sacituzumab TRODELVY TROP-2; humanized IgG1 Triple-neg. breast cancer 2020 
govitecan; sacituzumab ADC 
govitecan-hziy 
Inebilizumab; Uplizna CD19; humanized IgG1 Neuromyelitis optica In review 2020 
inebilizumab-cdon spectrum disorders 
Tafasitamab, Monjuvi CD19; humanized IgG1 Diffuse large B-cell In review 2020 
tafasitamab-cxix lymphoma 
Belantamab BLENREP B-cell maturation antigen; Multiple myeloma 2020 2020 
mafodotin, belantamab humanized IgG1 ADC 
mafodotin-blmf 
Satralizumab, Enspryng IL-6R; humanized 1862 Neuromyelitis optica In review 2020 


satralizumab-mwge 


spectrum disorder 
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Antibody therapeutics approved for clinical use in the EU or USA (compiled by Stefan Dübel) —cont’d 


Indication first approved 


US product identifier Brand name Target; format or reviewed First EU approval year First US approval year 
Atoltivimab, maftivimab, Inmazeb Ebola virus; mixture of 3 Ebola virus infection 2020 
and odesivimab-ebgn human 1261 
Naxitamab-gqgk DANYELZA GD2; humanized IgG1 High-risk neuroblastoma 2020 
and refractory 
osteomedullary disease 
Margetuximab-cmkb MARGENZA HER2; chimeric IgG1 HER2+ metastatic breast 2020 
cancer 
Ansuvimab-zykl Ebanga Ebola virus glycoprotein; Ebola virus infection 2020 


human IgG1 


Source: Antibody Society (www.antibodysociety.org), list by 2/2021. 
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lactic acid, 4 

microbial, 31, 315 326 
Fermosin, 246 
Fetal gene therapy, 3520 
Fiber analytics, 375 
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Macroalgae, 244 
Macrophages, 184 
Madagascar periwinkle (Catharanthus 


roseus), 260, 261f 
jor histocompatibility complex (MHC), 
184 


Malaysian gaur (Bos gaurus), 205 
Malignant tumors, 334 

Malting, 105, 11 

Manure, 26-27 

Marine biotechnology, 2490 


Ma 


low Foods, 251-252 


Mastitis, 208 


Ma 


trix-assisted laser desorption ionization- 
time of flight (MALDI TOF) 
spectrometer, 399—400, 401 f 


433 


Megan (sheep), 311, 3125 313 
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Pasteurization, 110, 17, 32 

Paternity testing, 3680 

pBR322 plasmid, 93, 102 

Pectinases, 48, 487 

Penicillium, 155, 157-1595 1627 

Penicillium chrysogenum, 154 

Penicillium notatum, 151—154, 151f 1526, 
154f 

Pepsin, 40, 415 43 
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Racemates, 52-53 

Radio-immunotherapy (RIT), 335 

Rainforests, 2160 

Raised energy awareness, 48—49 

Rapid immune test, 370 

Rapid/simple test, 178 

Rational protein engineering, 54 

Recombinant antibodies, 1816, 190, 

1900, 1920, 1935 1960, 200-201, 
2026 

Recombinant antibody libraries, 1993 
201-204 

Recombinant insulin, 111 

Recombinant tissue plasminogen activator 

(rtPA), 320-330 

Recombinant vaccines, 193 

Recombination, 85-87 

Reconstructing evolutionary past, 2680 

Red alga, 244 


Red fluorescent protein (DsRED) gene, 303 

Redoxon, 148/ 

Red Tide, 51 

Red wine, 15 

Rennet, 30 

Repression, 133 

Repressor, 80, 130/ 132 

Reproductive biotechnology, 3090 

Reproductive cloning, 297 

Restriction endonucleases, 87—88, 88/, 890, 
98 

Restriction fragment length polymorphisms 
(RFLP) analysis, 3680, 373, 3740, 
385 

Restriction map, 372 

Retroviruses, 73 

Retrovirus-mediated transgenesis, 297 

Reusable enzymatic sensor, 367/, 360f 

Reverse transcriptase inhibitors, 175 

Reverse transcriptase/revertase, 73, 94-95, 
95f 98, 176 

Ribosomal RNAs (rRNAs), 80, 857 

Ribosomes, 73-74, 785 80-85, 805 855 
129, 1305 133, 159, 174-175, 274 

Rice, producing albumin, 279 

Rice wine. See Sake 

Ricin, 335, 340/ 

Rituximab, 205, 335 

RNA interference (RNAi), 3160, 350—359, 
359f 

RNA polymerase, 75, 75/, 1315 133 

RNA viruses, 73, 73f 95); 174, 174-175f 

Roche, 129f 1455 146, 148, 169, 385/ 

Roquefort, 21, 30 

Rose breeding, 254-255, 254-255f 

Rubella and measles vaccinations, 192-193 

RUBISCO, 245 

Rum, 15 


S 

Saccharification, 10, 14 

Sake, 14, 22, 22f 31, 31f 

San Francisco Sourdough Bread, 230 

Sanger chain termination method, 377, 
387-390 

Sarcoma, 334 

SARS (Severe Acute Respiratory Syndrome) 
virus, 174, 1743 195 

Sauerkraut, 22, 20f 

Sausage preservation, 29/ 

Scaling-up process, 157 

Secondary metabolites, 162 

Semen storage method, 294, 297/ 

Semicontinuous production, 160 

Semisynthetic antibiotics, 163 

Sequencing of genes, 376-377, 379f, 
391 

Serial cloning, 311 


Serum therapy, 185 

Sewage farms, 2130, 214 

Sewage treatment, 212, 2125 2136 

Sexual reproduction, 307 

Shikonin, 2530, 257 

Short tandem repeats (STRs), 373-375, 
374-376/, 382, 384-385 

Shotgun sequencing method, 390 

Side-chain theory, 205/ 

Signal transduction, 342 

Silage, 22 

Silent mining, 231—232, 2317 

Single allosteric pacemaker enzyme, 131 

Single-cell protein (SCP), 2460, 247, 248, 

240b, 251 

Single-chain Fv (scFc)-fragments, 200-201 

Single nucleotide polymorphism (SNP), 

373-375, 374-376f, 382 

Single-use chip/sensor, 366, 366/ 

Small molecule chemical pharmaceutical, 
345b 

Smallpox, 181-1820, 1850, 186-187, 186 
191 

Snomax, 289, 289/ 

SNP fingerprinting, 375 

Social immunity, 202-203 
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